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INTRODUCTION: A NEW CHAPTER IN MARS RESEARCH

REINALD KALLENBACH!, JOHANNES GEISS' and WILLIAM K. HARTMANN?
U nternational Space Science Institute, CH-3012 Bern, Switzerland
2Planetary Science Institute, Tucson, AZ 85705-8331, USA

February 2001

This book reviews the most recent progress in constraining the timescales and
geological processes in the evolution of Mars. It developed from a series of work-
shops on planetary science at the International Space Science Institute (ISSI), in
Bern. The first of these meetings in February, 1999, concentrated on the interdisci-
plinary assessment of the astronomical, chronological, and geochemical constraints
of the formation of the inner solar system ~4.56 Gyr ago (Benz et al., 2000). It
appeared natural to continue with a core group meeting, reviewing the knowledge
on the subsequent chronology of the inner solar system until the present day on
the exemplary cases of Mars and Moon. Among the terrestrial planets, Mars is
unique to have undergone all planetary evolutionary steps, without global resets,
till the present (Encrenaz et al., 1995; Bibring and Erard, 2001). The discussion
on the “red planet” climaxed with a workshop on Chronology and Evolution of
Mars in April, 2000, emphasizing communication and collaboration between the
geochemical dating community, the crater chronologists, and the photogeologists.

The results reported here open a new chapter of Martian exploration. An early
chapter began in 1895 with Percival Lowell’s hypothesis, still seriously debated in
the mid-20th century, that advanced life might exist on Mars. A new chapter opened
in 1965 when the first closeup photos of Mars from Mariner 4 revealed impact
craters, suggesting to Leighton et al. (1965) that Mars was Moon-like, geologically
and biologically dead, but with a thin atmosphere redistributing the dust.

Still another chapter opened in 1971, when Mariner 9 discovered dry riverbeds
and towering volcanoes, implying a very non-lunar Mars with a complex geologic
history. The first crater count studies yielded ages of a few 100 Myr for massive
volcanic constructs, but no substantial magnetic field was observed that would indi-
cate modern geological activity. Viking landers in 1976 revealed basaltic soils laden
with sulfates and salts suggesting ancient water exposure, but lacking organics,
which almost ended discussion of life on Mars. In 1986, Tanaka developed a rela-
tive stratigraphy, dividing Mars into the Noachian (early), Hesperian (middle), and
Amazonian (late) periods, with most of the activity in the Noachian and Hesperian,
but the absolute timescale of this chronology remained controversial.

On the Earth and Moon, the biggest geologic advances came when the relative
timescale was connected to absolute radiometric ages of terrestrial rocks and sam-
ples returned by the Apollo and Luna missions. This gave better causal insights into

A Space Science Reviews 96: 3-6, 2001.
‘F © 2001 Kluwer Academic Publishers.



4 KALLENBACHET AL.

the fossil record, the development of the crust/mantle structure, cratering histories,
and the simultaneity of various events in different regions. From crater counts on
Mars it was estimated that most volcanism, water flow, and other forms of geologic
activity occurred very early at ~2.5 — 4.5 Gyr ago, but the absolute timescale still
remained uncertain. Thus, the latest chapter in Mars research is partly defined by
the attempt to convert from relative to absolute timescales, based on the dating of
Martian meteorites and conversion of lunar cratering chronology to Mars.

The absolute dating and chemical analysis of the currently known 16 rocks from
Mars has led to much discussion. During early meteorite studies, three classes of
achondrites, Shergottites, Nakhlites, and Chassignites, were identified on the basis
of special petrographic properties. In 1958, Geiss and Hess were surprised to obtain
alow K-Ar formation age of only ~580 Myr on the Shergotty meteorite (now dated
at ~170 Myr, Nyquist et al., 2001), because virtually all other meteorites had ages
of >4 Gyr, the time of planet formation. To dismiss this result by random argon
loss would have required 98% losses. By 1974, Papanastassiou and Wasserburg
postulated metamorphism on some relatively large but unknown parent body for
these young meteorites. The Moon was ruled out by Apollo rock samples. Nyquist
et al. (1979), Wasson and Wetherill (1979), and Wood and Ashwal (1981) were
among the first to suggest that the parent body was Mars — though most impact
experts of that time denied that rocks could be blasted intact off Mars.

Acceptance that these rocks were from Mars came with elemental and isotopic
identification of Martian atmospheric gases in them (Bogard and Johnson, 1983;
Becker and Pepin, 1984; Dreibus and Winke, 1987). By the 1990s researchers
accepted that Mars had produced not only a 4.5 Gyr-old crustal rock, but also
basaltic rocks as young as 0.2 — 1.3 Gyr, and that these had come from only four
to eight impact sites. The new chapter of Mars research marks a period where we
have a handful of samples from unknown locations on Mars. The diverse pieces of
information on surface features and chemistry, presently available from the Viking
and Pathfinder landing sites and from Mars Global Surveyor (MGS) and earlier
NASA and Soviet spacecraft observations (Pellinen and Raudsepp, 2000), have to
be integrated to rough out an absolute chronology of Martian geologic evolution.

In Part I of this book, cratered lunar surfaces, which have been dated precisely
by the radiometric ages of returned samples, are taken as a reference (Stoffler
and Ryder, 2001) to derive ages of cratered geological units on Mars. The lunar
production function, i.e. the size-frequency distribution of craters as they form on
the Moon (Neukum e al., 2001), is converted to describe impact events on Mars
(Ivanov, 2001). The resulting Martian crater retention ages date the youngest de-
tected flows at <10 Myr (Hartmann and Neukum, 2001). This is consistent with the
conclusion from radiometric dating that at least some geologically young igneous
rocks with ages of a few 100 Myr exist on Mars (Nyquist et al., 2001).

Part 1T examines the origin of the planet, the interior structure, and the surface
rocks. Tungsten isotope data, Ba/W and time-integrated Re/Os ratios in Martian
meteorites affirm that Mars differentiated during the first 20 Myr of solar sys-
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tem history into core, mantle, crust and atmosphere (Halliday et al., 2001). Thus,
the oldest Martian surfaces involve primordial crustal material, as can also be
concluded from the crystallization age of 4.5 Gyr for meteorite ALH84001 and
the high crater densities of some areas. Based on the new MGS topography and
gravity data, and the data from Pathfinder on the rotation of Mars, Spohn et al.
(2001) constrain their models of the present interior structure. Their article also
reviews the MGS discovery that the remnant magnetization of the oldest parts of
the Martian crust (Acuifia et al., 1999) are an order of magnitude stronger than
crustal magnetism on Earth. Head et al. (2001) give an update on the stratigraphic
system and geologic processes of the Martian surface. On the latter, remote sensing
identifies two broad groups of igneous rock units, basaltic and andesitic (Bibring
and Erard, 2001), as is confirmed by in-situ chemical analyses at the Pathfinder
landing site (Winke et al., 2001).

Part III emphasizes volatile history. Certain Martian meteorites indicate fluvial
activity younger than the rocks themselves, in one case ~670 Myr (Shih et al.,
1998; Swindle er al., 2000; Bridges et al., 2001). Youthful water seeps suggest
even more recent liquid water mobility (Malin and Edgett, 2000; Hartmann, 2001).
The geomorphologic evidence for liquid water on Mars is thoroughly reviewed by
Masson et al. (2001). The Martian atmosphere’s history is outlined by Encrenaz
(2001), reporting constraints by remote sensing, and by Bogard et al. (2001),
discussing meteorite studies and Viking measurements. Mars is not as depleted
in moderately volatile elements as Earth, where volatiles may have been lost by
a giant early impact (Halliday er al., 2001). Finally, atmospheric processes may
in turn limit our access to the Martian chronology, as winds erode impact craters
and/or cover them with deposits (Greeley et al., 2001).

In the epilogue, Hartmann et al. (2001) summarize the new chapter of Mars
research and give directions to open a future chapter. A glossary, a subject index,
and a list of acronyms are added for the benefit of the reader.

References

Acufia, M.H., Connerney, J.E.P., Wasilewski, P., Kletetschka, G., Ness, N.F., Réme, H., Lin, R., and
Mitchell, D.: 1999, ‘Mars Crustal Magnetism — Global Distribution, Morphology and Source
Models’, Am. Astron. Soc., DPS meeting, abstract #31, #59.07.

Becker, R.H., and Pepin, R.O.: 1984, ‘The Case for a Martian Origin of the Shergottites: Nitrogen
and Noble Gases in EET 79001°, Earth Planet. Sci. Lett. 69, 225-242.

Benz, W., Kallenbach, R., and Lugmair, G.W. (eds.): 2000, From Dust to Terrestrial Planets, Kluwer
Academic Publishers, Dordrecht, The Netherlands.

Bibring, J.-P., and Erard, S.: 2001, this volume.

Bogard, D.D., and Johnson, P.: 1983, ‘Martian Gases in an Antarctic Meteorite?’, Science 221, 651—
654.

Bogard, D.D., Clayton, R.N., Marti, K., Owen, T., and Turner, G.: 2001, this volume.

Bridges, J.C., Catling, D.C., Saxton, J.M., Swindle, T.D., Lyon, I.C., and Grady, M.M.: 2001, this
volume.



6 KALLENBACH ET AL.

Dreibus, G., and Winke, H.: 1987, ‘Volatiles on Earth and Mars: A Comparison’, Icarus 71, 225-240.

Encrenaz, T.: 2001, this volume.

Encrenaz, T., Bibring, J.-P., Blanc, M., and Dunlop, S.: 1995, The Solar System, Springer-Verlag.

Geiss, J., and Hess., D.C.: 1958, ‘Argon-potassium Ages and the Isotopic Composition of Argon
from Meteorites’, Astrophys. J. 127, 224-236.

Greeley, R., Kuzmin, R.O., and Haberle, R.M: 2001, this volume.

Halliday, A.N., Winke, H., Birck, J.-L., and Clayton, R.N.: 2001, this volume.

Hartmann, W.K.: 2001, this volume.

Hartmann, W.K., and Neukum, G.: 2001, this volume.

Hartmann, W.K., Kallenbach, R., Geiss, J., and Turner, G.: 2001, this volume.

Head, J.W., er al.: 2001, ‘Geological Processes and Evolution’, this volume.

Ivanov, B.A.: 2001, ‘Mars/moon Cratering Rate Ratio Estimates’, this volume.

Leighton, R.B., Murray, B., Sharp, R., Allen, J., and Sloan, R.: 1965, ‘Mariner IV Photography of
Mars: Initial Results’, Science 149, 627-630.

Malin, M.C., and Edgett, K.S.: 2000, ‘Evidence for Recent Groundwater Seepage and Surface Runoff
on Mars’, Science 288, 2330-2335.

Masson, P., Carr, M.H., Costard, F., Greeley, R., Hauber, E., and Jaumann, R.: 2001, this volume.

McSween, H.Y,, Jr.: 1994, ‘What Have we Learned about Mars from SNC Meteorites’, Meteoritics
29, 757-779.

Neukum, G., Ivanov, B.A., and Hartmann, W.K.: 2001, this volume.

Nyquist, L.E., Bogard, D., Wooden, J., Wiesmann, J., Shih, C.-Y., Bansal, B., and McKay, G.: 1979,
‘Early Differentiation, Late Magmatism, and Recent Bombardment on the Shergottite Parent
Planet’, Meteoritics 14, 502.

Nyquist, L.E., Bogard, D.D., Shih, C.-Y., Greshake, A., St6ffler, D., and Eugster, O.: 2001, this
volume.

Papanastassiou, D.A., and Wasserburg, G.J.: 1974, ‘Evidence for Late Formation and Young
Metamorphism in the Achondrite Nakhla’, Geophys. Res. Lett. 1, 23-26.

Pellinen, R., and Raudsepp, P. (eds.): 2000, Towards Mars, Raud Publishing, Helsinki, Finland.

Sawyer, D.J., McGehee, M.D., Canepa, J., and Moore, C.B.: 2000, ‘Water Soluble Ions in the Nakhla
Martian Meteorite’, Met. Planet. Sci. 35, 743-748.

Shih, C.-Y., Nyquist, L.E., Reese, Y., and Wiesmann, H.: 1998, ‘The Chronology of the Nakhlite,
Lafayette: Rb-Sr and Sm-Nd Isotopic Ages’, Proc. 29th Lunar Planet. Sci. Conf., LP1, Houston,
abstract #11435 (CD-ROM).

Spohn, T., Acuiia, M., Breuer, D., Golombek, M., Greeley, R., Halliday, A., Hauber, E., Jaumann,
R., and Sohl, E.: 2001, this volume.

Stoffler, D., and Ryder, G.: 2001, this volume.

Swindle, T.D., Treiman, A., Lindstrom, D., Burkland, M., Cohen, B., Grier, J., and Olson, E.: 2000,
‘Noble Gases in Iddingsite from the Lafayette Meteorite; Evidence for Liquid Water on Mars in
the Last Few Hundred Million Years’, Met. Planet. Sci. 35, 107-116.

Tanaka, K.L.: 1986, ‘The Stratigraphy of Mars’, J. Geophys. Res. 91 suppl., 139-158.

Wiinke, H., Briickner, J., Dreibus, G., Rieder, R., and Ryabchikov, I.: 2001, this volume.

Wasson, J., and Wetherill, G.: 1979, ‘Dynamical, Chemical, and Isotopic Evidence Regarding the
Formation Locations of Asteroids and Meteorites’, in T. Gehrels (ed.), Asteroids, Univ. Arizona
Press, Tucson, pp. 926-974.

Wood, C.A., and Ashwal, C.A.: 1981, ‘SNC Meteorites: Igneous Rocks from Mars’, Proc. 12th
Lunar Planet. Sci. Conf., 1359-1375.

Addpress for offprints: International Space Science Institute, Hallerstrasse 6, CH-3012 Bern,
Switzerland; (reinald.kallenbacheissi.unibe.ch)



I: CHRONOLOGY OF MARS AND
OF THE INNER SOLAR SYSTEM



STRATIGRAPHY AND ISOTOPE AGES OF LUNAR GEOLOGIC UNITS:
CHRONOLOGICAL STANDARD FOR THE INNER SOLAR SYSTEM
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Received: 11 August 2000; accepted: 25 February 2001

Abstract. The absolute ages of cratered surfaces in the inner solar system, including Mars, are
derived by extrapolation from the impact flux curve for the Moon which has been calibrated on
the basis of absolute ages of lunar samples. We reevaluate the lunar flux curve using isotope ages
of lunar samples and the latest views on the lunar stratigraphy and the principles of relative and
absolute age dating of geologic surface units of the Moon. The geological setting of the Apollo
and Luna landing areas are described as far as they are relevant for this reevaluation. We derive the
following best estimates for the ages of the multi-ring basins and their related ejecta blankets and
present alternative ages for the basin events (in parentheses): 3.92 £ 0.03 Gyr (or 3.85 £ 0.05 Gyr)
for Nectaris, 3.89 +0.02 Gyr (or 3.84 0.04 Gyr) for Crisium, 3.89 +0.01 Gyr (or 3.87+0.03 Gyr)
for Serenitatis, and 3.85 &£ 0.02 Gyr (or 3.77 £ 0.02 Gyr) for Imbrium. Our best estimates for the
ages of the mare landing areas are: 3.80 &= 0.02 Gyr for Apollo 11 (old surface), 3.75 + 0.01 Gyr
for Apollo 17, 3.58 4= 0.01 Gyr for Apollo 11 (young surface), 3.41 & 0.04 Gyr for Luna 16, 3.30 £+
0.02 Gyr for Apollo 15, 3.22 £ 0.02 Gyr for Luna 24, and 3.15 4 0.04 Gyr for Apollo 12. The
ages of Eratosthenian and Copernican craters remain: ~ 2.1 (?) Gyr (Autolycus), 800 & 15 Myr
(Copernicus), 109 &4 Myr (Tycho), 50.3 & 0.8 (North Ray crater, Apollo 16), and 25.1 & 1.2 (Cone
crater, Apollo 14). When plotted against the crater densities of the relevant lunar surface units, these
data result in a revised lunar impact flux curve which differs from the previously used flux curve in
the following respects: (1) The ages of the stratigraphically most critical impact basins are notably
younger, (2) the uncertainty of the calibration curve is decreased, especially in the age range from
about 4.0 to 3.0 Gyr, (3) any curve for ages older than 3.95 Gyr (upper age limit of the Nectaris
ejecta blanket) is abandoned because crater frequencies measured on such surface formations cannot
be correlated with absolute ages obtained on lunar samples. Therefore, the impact flux curve for this
pre-Nectarian time remains unknown. The new calibration curve for lunar crater retention ages less
than about 3.9 Gyr provides an updated standard reference for the inner solar system bodies including
Mars.

1. Introduction

Apart from the Earth, the Moon (Figure 1) is the only planetary body for which we
have both a detailed stratigraphic history and rock samples that we can relate with
varied degrees of confidence to specific geologic - or at least morphologic - units.
Furthermore, the Moon has preserved much of its surficial magmatic and impact
record of at least the last 4 billion years. While its endogenic history is unique, the
Moon has become a calibration plate for the cratering record of the Earth-Moon

A Space Science Reviews 96: 9-54, 2001.
‘ © 2001 Kluwer Academic Publishers.



10 STOFFLER AND RYDER

Figure 1. Telescopic view of the nearside of the Earth’s moon with landing sites of the Apollo and
Luna missions.

system, and by extrapolation, of the entire inner solar system by the assumption of
a heliocentric origin for impactor populations. These populations range from long
and short period comets through asteroids to interplanetary dust and cover a size
range from hundreds of kilometers to micrometers.

We summarize the absolute and relative chronology of the endogenic and exo-
genic history of the Moon as expressed by specific surface units for which cratering
rates can be calibrated against time by counting craters on sampled and dated sur-
faces. Our summary is derived from and revises previous work, in particular the
data presented by Neukum and colleagues (e.g., Neukum et al., 1975; Neukum,
1983; Neukum and Ivanov, 1994; Hartmann et al., 1981). Our goals differ from
those of the Basaltic Volcanism Study Project (Hartmann et al., 1981) in that we are
not attempting to understand the chronology of lunar volcanism, but to constrain
impact flux chronologies in the inner solar system as the Moon has recorded them.
In particular, we examine how the presently available radiometric and exposure
ages for lunar rocks are correlated with surface units, and those in turn with crater
density counts. In contrast with the previous reviews, our revised flux curve differs
slightly during the period of mare volcanism, and is absent for the period prior to
about 3.9 Gyr because there are no dated surfaces to calibrate the flux.
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Figure 2. Geologic history of the moon schematically represented by the variation of the constitution
of the lunar crust and mantle as a function of time.

2. Geologic History and Basic Stratigraphy of the Moon

2.1. GEOLOGIC HISTORY

The formation of the Moon is part of the formation process of the terrestrial planets,
and it is commonly accepted that the Moon accreted from material similar to the
material of the Earth as is clearly shown by the oxygen isotopes (Clayton and
Mayeda, 1975; Hartmann et al., 1984; Halliday, 2000). Although the origin of
the Moon is still subject to debate, there has been growing evidence and con-
sensus that it formed rapidly from material ejected during a tangential collision
of a Mars-sized planetary body with the Proto-Earth after the Earth’s core had
formed (Hartmann and Davis, 1975; Cameron and Ward, 1976; Cameron, 1984),
most probably ~4.50 Gyr ago (Halliday, 2000). This rapid accretion theory (Canup
and Agnor, 2000) requires that the Moon was initially in a completely or par-
tially molten state, a conclusion independently derived from the observation that
the primordial crust of the Moon is highly feldspathic (anorthositic). The latter
most probably formed by fractional crystallization and differentiation of a global
“magma ocean” (Taylor, 1982) (Figure 2). A complementary ultramafic, dunitic
mantle formed at the lower boundary of the magma ocean.

The continued crystallization of the global magma ocean led at about 4.4 Gyr
ago to a residual melt layer enriched in incompatible elements (KREEP; K = potas-
sium, REE = rare earth elements, P = phosphorus) including the radioactive ele-
ments K, U, and Th, between the mantle and crust (Figure 2). This heat-producing
layer was involved in the earliest phase of lunar volcanism producing basaltic in-
trusives and extrusives of KREEP-rich and high alumina basaltic composition after
~4.3 Gyr ago (Shearer and Papike, 1999), as well as in the formation of ancient
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plutonic intrusions into the lunar crust. These produced diverse igneous rocks such
as rocks of the Mg-suite (troctolites, norites, gabbronorites, dunites) and rocks of
the alkali-suite such as alkali anorthosites and granitic lithologies (James, 1980).

The early lunar magmatism led to a crust of varied thickness ranging from about
60 to 110 km which was subjected, simultaneously with the magmatic events, to
the intense early collisional bombardment (Figure 2). The early impact process-
ing reworked the crust to some unknown depth (probably several km), destroying
some of the primary structure induced by igneous processes, and producing an up-
per megabreccia layer of mixed feldspathic composition (megaregolith, Hartmann,
1973).

Isotope systematics of mare basalts indicate that the ultramafic cumulate man-
tle, from which they were extracted by partial melting, existed at about 4.4 Gyr.
The extrusion of volcanics began as early as 4.3 Gyr (Shearer and Papike, 1999)
but none of the volcanic surfaces formed before about 3.8 Gyr are still preserved
because of the heavy bombardment (Figure 2). The mare basalt flows, which cover
only about 17% of the lunar surface, formed recognizable maria from 3.9 Gyr to
about 2 Gyr or even 1 Gyr ago. Crater densities and crater degradation provide
tools for establishing relative ages of the volcanic and crater ejecta surfaces.

2.2. PRINCIPLES OF RELATIVE AGE DATING

Baldwin (1949) made a strong case for the impact origin of most lunar craters
and for the volcanic nature of the mare plains. He also obtained general time
relationships based on crater densities and superposition. In the decade prior to
Apollo, geological mapping of the Moon was pioneered by Shoemaker and Hack-
man (1962), using principles established by Gilbert (1893). Spacecraft images
(mainly Lunar Orbiter and Apollo) established rock-stratigraphic units and en-
hanced understanding of their formative processes.

The basic methods and the results of lunar mapping and stratigraphic analysis,
as derived from telescopic and spacecraft imagery and from the analysis of returned
lunar rocks, are described comprehensively in Wilhelms (1987) (Figure 3). Work
on defining the relative ages of units, their geological and chemical definition, and
their formative processes has continued since then, and progressed with global data
obtained from the Clementine and Lunar Prospector missions (e.g., Binder, 1998;
Nozette et al., 1994; Staid et al., 1996; Jolliff et al., 2000b). These missions have
also helped to understand more of the third dimension of the lunar crust.

The fundamental method used is the application of the law of superposition:
Younger units overlie, cut, or overlap older ones. It was apparent that older units
recognized this way had more craters than younger units, consistent with the craters
being of impact origin. The technique of using this relative crater density as a
method of deriving relative ages when superposition relationships were lacking
(e.g., non-contacting units) became standard for the Moon and for other planets,
including Mars. The principles of using size-frequency distributions as measures
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Figure 3. The lunar stratigraphic column with rock-stratigraphic, time-stratigraphic and time units
(from Wilhelms, 1987).

of relative ages have been long established (reviewed in Hartmann et al., 1981;
Wilhelms, 1984, 1987; Neukum et al., 2001; Figure 4). The degree of crater degra-
dation is also an indicator of relative age: for a given size, a fresh crater is younger
than a degraded one (ceteris paribus).

An erosion-based method is especially useful where the defined unit is too small
for significant crater size-frequency determination. However, there are several dif-
ferent ways of addressing the erosion-caused morphology of a crater, and many
have been used. Numerical values such as Dy relate to the size of the largest
crater that is nearly destroyed (Soderblom and Lebofsky, 1972; Boyce and Dial,
1975; Wilhelms, 1980). On small surfaces, such a crater will not necessarily actu-
ally appear, and Dy, is defined as the diameter of craters with the shallow wall slope
of 1° (Wilhelms, 1987). Despite some pitfalls, this method has been successful and
used extensively (Wilhelms, 1987).
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Figure 4. Principle graph for age dating of planetary surfaces by cumulative crater frequencies as a
function of crater diameter; the kinks in the curves define the parameter Cg which is the transition
diameter between the crater production curve (steep) and the crater saturation curve (flat); Cgy, Cs2,
and Cgj3 represent increasing relative crater retention ages; from Wilhelms (1987).

2.3. PRINCIPLES OF ABSOLUTE AGE DATING

The Moon is the only extraterrestrial body for which we have rock samples that
can be related to specific geological units. Most of the lunar rocks were collected
by astronauts at six Apollo landing sites, and robotic sample returns from three
documented sites were also accomplished by the Soviet Luna missions (Figure 1;
Table I). There are also 20 lunar meteorites (not counting paired finds) (Grossman,
2000; Koblitz, 1999); however, these meteorites cannot be ascribed to specific
surface units but only to general types such as highland or mare terrain.

According to the different rock types returned from the moon — igneous rocks,
crystalline impact melt rocks and impact glasses, thermometamorphic rocks (gran-
ulitic lithologies) and polymict clastic matrix breccias (Table I; Stoffler ez al., 1980;
Heiken et al., 1991) — different types of ages result from radiogenic isotope dating:
(1) crystallization ages defining either magmatic, impact melting or recrystalliza-
tion events, (2) impact breccia formation ages defining the time of the assembly
and deposition of a polymict breccia, (3) ages of thermally induced disturbances
defining the time of any (mostly impact-induced) event partially or completely
resetting a radiogenic isotope system, and (4) exposure ages defining the time since
which an impact-displaced rock fragment was exposed to cosmic rays.

The methods of radiogenic isotope dating are well-documented (e.g., Faure,
1986; Dalrymple, 1991). For the purposes of this paper, the methods that yield
the last crystallization age of a rock are the most important. The main internal
isochron methods used for lunar samples are Rb-Sr and Sm-Nd, especially, though
not only, for coarser-grained rocks. “°Ar-3° Ar-methods, including laser techniques,
have produced considerable data for both igneous and impact-produced rocks; they
have the advantage of being applicable to fine-grained crystalline rocks as well as
glasses. U, Th-Pb methods, particularly the dating of individual zircon grains using
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TABLE I

Classification of lunar rocks (modified after Stoffler et al., 1980) and statistics of samples at the lunar
landing sites (data from Heiken et al., 1991); weight percentages of the total weight of all samples
of each mission given in italics; * Wt.% of total of rocks > 10 mm

Generation

Rock type

Number of samples

Total weight (kg)

Wt.% igneous and metamorphic
rocks > 10 mm

Wt.% Fines < 10 mm

Wt.% Drill cores

All Al12 Al4 Al1S5 Al6 Al17 Ll16 L20 L24

58 69 227 370 731 741 1core 1core 1core
21.6 34.3 42.3 77.3 95.7 110.5 0.101 ~0.05 0.170
44.9 80.6 67.3 74.7 72.3 65.9

54.6 16.8 30.6 17.0 19.3 26.7 100
04 12 09 60 74 66 100

100
100

100
100

First
(primary)

IGNEOUS ROCKS

Plutonic rocks
Anorthosites™
Ferroan anorthosites
Magnesian anorthosites
Alkali anorthosites
Norite
Gabbronorites (various types)
Troctolites (various types)
Dunite
“Granite”
Volcanic rocks
Basalts™
Aluminous b. (High-Al and Al-)
KREEP-basalt
Basaltic glasses (various types)

Non-classified igneous rocks

04 11 05

20.0 80.6 9.3 41.3 314

2.1 02 4.3

Second
(secondary)

METAMORPHIC ROCKS
(thermometamorphic)
Granulites
Granulitic breccias
IMPACTITES*

Monomict (impact) breccias
Cataclastic plutonites
Cataclastic metamorphic rocks

Polymict (impact) breccias
Impact melt breccias, feldspathic
Impact melt breccias, mafic
Impact melt rocks (clast-free)
Impact glass
Fragmental breccias

23.0 1.95 59.4 39.7 67.5 349

Third
(tertiary)

Polymict impact breccias

Fragmental breccias
Regolith breccias
Impact glass

IMPACTOCLASTIC SEDIMENT*

< 10 mm

Regolith

54.8 17.2 31.2 18.5 21.1 28.8 100 100 100
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ion probes, have been applied in particular to those more incompatible-element
enriched, coarse-grained rocks such as quartz-monzodiorites. Cosmic ray expo-
sure ages are used to date distinct bedrock excavation events such as the young
impact craters at the Apollo landing sites whose rim deposits have been sampled
(e.g., North Ray, South Ray, Cone, Shorty, Camelot craters). General reviews of
the results of lunar chronology have been provided by Turner (1977), Dalrymple
(1991), Nyquist and Shih (1992), and Snyderet al. (2000), among others.

The geological and stratigraphic interpretation of isotope ages of lunar rocks
is not always straightforward. There is the immediate problem when correlating
a measured age with a rock-stratigraphic unit that none of the rock samples was
collected directly from a bedrock unit (although some came close at the Apollo 15
landing site) as the entire lunar surface is covered with impact-produced regolith
several meters thick. Specific problems arise for the different rock types:

Volcanic rocks of mare provenance. Even for the comparatively simple case of
a volcanic rock, it is not necessarily easy to relate that rock to a mapped geological
unit. At any given mare collection site there is a range of basalt types - brought
to the surface by multiple reworking of the regolith - that in some cases covers a
distinct range of ages. While the youngest of these is most probably the age of the
surface unit, if that unit is thin or discontinuous it might not be the surface that is
mapped and which retains the crater density/crater degradation characteristics used
to define the age of the unit in question.

Impact melt and clastic breccia lithologies of highland provenance.Radiomet-
ric age dating of impact melt rocks is generally possible by direct dating of the
glassy or crystalline matrix. However, since datable impact melt rocks are either
displaced indiviual clasts within the lunar regolith or displaced clasts residing in
polymict breccias, it is not obvious what geologic unit they were excavated from
and what impact crater they represent. For polymict clastic impact breccia deposits,
the age can only be constrained to be younger than that of the youngest clast,
because assembly of the breccia components and their deposition occurs at too
low a temperature to reset radiogenic isotopes of the clasts. For ancient clastic
breccia deposits produced at times when the impact rate was high, the youngest
clast is likely to be very close to the assembly age. Complete or partial resetting
of clasts is possible for clasts residing in impact melt breccias. In this case, the
oldest clast gives a lower limit for the age of the precursor rocks of the impact
melt unit (e.g., Jessberger et al., 1977). Datable impact melts (including glasses)
that intrude or coat a breccia also define a minimum age for a breccia. The thermal
events that have reset or disturbed the radiogenic isotope systems in lunar rocks
can be used to either date units directly (e.g., granulitic rocks) or to constrain
their ages, according to geologic constraints. For all types of highland rocks, a
meaningful interpretation of their geologic provenance and the correlation with a
time-stratigraphic unit can only be made on the basis of photogeologic models of
their parent geologic formations (see Section 6).
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3. The Lunar Stratigraphic Column

Lunar stratigraphy establishes geologic units and assembles them into a relative
time-sequenced column of global significance. A pre-requisite is the identification
of rock units or morphological units formed in a single stage process. These are
dominantly related to impact basins, impact craters, and lava flows. Morpholog-
ical units, rather than the exposed bedrock, are necessarily used in photo-based
stratigraphy. The units are assembled into higher-order packages. The rock System
boundaries are intended to be the same absolute age everywhere. This chronostrati-
graphic division (Systems, Series) can be converted into a chronometric division
(Periods, Epochs), and with application of radiogenic ages into absolute time.
Figure 3 shows these stratigraphic columns, following Wilhelms (1987).

The stratigraphic boundaries are reasoned, convenient markers that subdivide
lunar history, but they do not generally imply any fundamental changes in geolog-
ical processes. The older boundaries are defined by the deposition of ejecta from
specific basin-forming impact events, ending with the deposition of the Hevelius
Formation (Orientale, the last basin-forming event). The boundaries of the later
Systems are less precisely defined; although depending on quantitative expressions
of the relative degrees of crater degradation, the criteria are not entirely unambi-
guous in practical application. Lava flows do not define stratigraphic boundaries as
they are themselves only regional (Figure 5; Table II).

3.1. PRE-NECTARIAN SYSTEM

The pre-Nectarian System comprises all landforms older than the Nectaris basin,
and includes about 30 recognized impact basins. Some directly underlie deposits of
Nectaris, and others are recognized as pre-Nectarian by the size-frequency curves
of superimposed craters (Figure 5; Table II). They are chronologically sequence-
able at least roughly. The oldest recognized basin is Procellarum, but this may
well not be of impact origin. The oldest — also the deepest and largest — basin
of almost-certain impact origin is South Pole-Aitken. The pre-Nectarian landforms
are dominantly of impact origin; no volcanic landforms, or even faults or folds have
been recognized. Pre-Nectarian terrain is predominant on the farside (Figure 6).
Any rocks from such ancient terrains in the Apollo or Luna sample collections
have been reworked as fragmental material into later impact breccia deposits.

3.2. NECTARIAN SYSTEM

The Nectarian System comprises all landforms produced between the formation
of the Nectaris impact basin and the formation of the Imbrium impact basin (Fig-
ure 5; Table II). Nectaris itself has deposits over a fairly wide area. Eleven other
Nectarian basins have been recognized, including Serenitatis and Crisium. Direct
superpositional relationships allow some definition of their stratigraphic sequence,
but some crater frequency distributions have been affected by later basins, e.g.,
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Figure 5. Cumulative crater frequency-crater diameter-curves for the major rock-stratigraphic and
time stratigraphic units of the moon’s history as listed in Figure 3; dashed curves are average
frequencies of impact craters of the pre-Nectarian (pNc), Nectarian (Nc), Imbrian (Ic), and the
Copernican/Eratosthenian Periods (CEc); from Wilhelms (1987).

Serenitatis ejecta is badly degraded by Imbrium ejecta. Nectarian "light plains" are
more evident than are pre-Nectarian ones, and some of these have been suggested
to be volcanic in origin (Figure 7; Wilhelms, 1987). The Nectarian System has been
masked by the Imbrian basins and later volcanic activity; thus, it is more common
on the lunar farside (Figure 6).

3.3. LOWER IMBRIAN SERIES

The Lower Imbrian Series comprises all landforms produced between the for-
mation of the Imbrium impact basin and the formation of the Orientale impact
basin (Table II). The deposits of these two basins constitute extensive laterally
continuous horizons, although much of the Imbrium basin itself was later flooded
with mare lavas. Crater counts as well as its topographic freshness suggest that the
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TABLE I

Stratigaphic criteria for lunar time-stratigraphic units (Wilhelms, 1987); Dy,: diameter of largest
crater eroded to 1° interior slopes; Cg: limiting crater diameter for the steady state crater frequency
distribution (Figure 4) and from the approximate formula Dy, = 1.7Cg; n/a = not applicable.

System or Crater frequency (number per km?) Cg (m) Dy, (m)
Series > 1km | > 20 km

Copernican <75%107% (mare) n/a ? < 165 (mare)
System <1.0x 1073 (crater) < ca. 200 (crater)
Eratosthenian 75x107% 0 n/a < 100 (mare) 145-250 (mare)
System ~25x 1073 (mare)

Upper Imbrian ~25% 1073 (mare) to 2.8 x 1073 80 — 300 (mare) 230 — 550 (mare)
Series ~22x 1072

Lower Imbrian | ~ 2.2 — 4.8 x 10~2 (basin) | 1.8 — 3.3 x 107> | 320 — 860 (basin) n/a

Series

Nectarian n/a 2.3 —8.8 x 1077 | 800 — 4,000? (basin) n/a
System

Pre-Nectarian n/a >7.0x 107> > 4,000? (basin) n/a
System

Schrodinger basin is Lower Imbrian, but no other basins are in the Lower Imbrian.
The size-frequency distribution curves for Orientale deposits lie slightly below
those for Imbrium, and both are distinctly below those for Nectaris (Figure 5).
Many “light plains”, including the Cayley plains on which Apollo 16 landed, have
a Lower Imbrian age (Figure 7), and many may be related to the Imbrium basin.
At least some light plains may also be of volcanic origin, despite the absence of
volcanic rocks in the Apollo 16 samples. The Apennine Bench formation, a plains
unit within the Imbrium basin, is almost certainly a volcanic unit, as it correlates
with chemically volcanic KREEP basalts collected at the Apollo 15 landing site.

3.4. UPPER IMBRIAN SERIES

The Upper Imbrian Series comprises the landforms produced between the forma-
tion of Orientale, the youngest impact basin, and an upper boundary that is defined
on the basis of Dy values (Table II). The Upper Imbrian rock units are distinct
from older ones: Basin deposits are lacking, and two-thirds of the mare volcanic
plains are in the Upper Imbrian (Figure 8). The Upper Imbrian was emplaced
over a much longer time period than the Lower Imbrian . The extensive mare lavas
forming Maria Serenitatis, Tranquillitatis, Crisium, Nectaris, Fecunditatis, Humo-
rum, Nubium, Cognitum, eastern Imbrium, and western Oceanus Procellarum, and
several other areas including all the farside mare plains, are part of the Upper
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Figure 6. Geologic map of the nearside and farside of the pre-Eratosthenian moon showing the
Imbrian, Nectarian, and pre-Nectarian Systems (compiled from Plates 3 A,B of Wilhelms, 1987).
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Figure 7. Geologic map of the distribution of “light plains” on the nearside and farside of the moon
(from Wilhelms, 1987).

Imbrian Series (Figure 8). Their relative ages have been established on the basis
of crater frequencies and by superposition, and their stratigraphic relationships
have been elucidated with mineral-chemical data derived from earth-based spectral
reflectance observations and from the Clementine and Prospector orbital data (e.g.,
Staid et al., 1996; Jolliff et al., 2000b). The Upper Imbrian also contains “dark
mantling deposits” that have been correlated with volcanic glass of fire-fountain
origin, examples of which have been sampled by the Apollo missions. With the
exception of the Apollo 12 mission, all mare plains sampled by Apollo and Luna
were Upper Imbrian, and no samples were from the oldest stratigraphic group.

3.5. ERATOSTHENIAN SYSTEM

The Eratosthenian System is less clearly defined than other systems (Table II). Its
upper boundary is even more ambiguous than the lower. Operationally the dis-
tinction between the Eratosthenian and the subsequent Copernican systems was
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Figure 8. Geologic map of mare basalts of the Upper Imbrian Epoch and the Eratosthenian Period on
the nearside and farside of the moon; compiled from Plates 9 A,B and 10 A,B of Wilhelms (1987).

made according to whether a crater was non-rayed (Eratosthenian) or bright-rayed
(Copernican). However, the presence of rays depends not only on age, that is degree
of impact erosion, but also on crater size and on compositional differences. Thus,
a variety of criteria have been used, according to circumstance. Crater counts on
ejecta blankets of Copernican craters are of limited use, because most craters are
too small for good statistics (Table II; Figure 5). The same limited-area constraint
applies to Dy, (~140 m) as well. A new parameter of optical maturity derived
from global orbital spectral reflectance measurements from the Clementine space-
craft is promising to enable a more rigorous establishment of the relative ages of
Copernican and upper Eratosthenian craters.

The Eratosthenian System includes mare plains that are much less extensive
than Upper Imbrian plains. They are absent from the lunar farside (other than Mare
Smythii on the limb; Figure 8). The plains include those sampled at the Apollo 12
site in Oceanus Procellarum.

3.6. COPERNICAN SYSTEM

The Copernican System was first recognized by the rays of its craters, which were
shown to be the youngest of lunar features because the are superposed on all other
terrains (Table II; Figure 5). Despite the difficulty of using rays in defining a lower
boundary, most rayed craters are indeed Copernican, and such craters are scattered
all over the Moon. The upper boundary of the Copernican is the present day. Only
a very small proportion of the Moon’s face is Copernican.
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4. Geologic Setting of the Apollo and Luna Landing Sites and Probable
Meteorite Provenances

Six manned Apollo missions and three robotic Luna missions returned samples
from different geologic settings on the Moon (Figure 1, Table I). 20 distinct mete-
orites are recognized as being of lunar origin; the types of provenance from which
they must be derived can be constrained. We review the settings of the samples on
which absolute time calibration of the relative stratigraphy is based, in numerical
order of Apollo missions, Luna missions, and meteorites.

4.1. APOLLO 11 LANDING SITE, MARE TRANQUILLITATIS

The landing site, 40 km north-northeast of the nearest promontory of highlands
material at the Kant Plateau (Figure 9a), is on intermediate-age-group basalts of
the Upper Imbrian Series, the southern of two belts separated by the youngest-
age-group. That the lavas are thin is suggested both by the lack of a mascon
(gravity anomaly) in Tranquillitatis and the existence of structures over probable
pre-existing features such as ridges.

Three patchy units of mare basalt are in the area within at least several tens
of kilometers of this site (Grolier, 1970, b). The actual landing was on the most
densely cratered of these units. The second oldest unit is exposed in substantial
areas within a kilometer of the landing site. The youngest unit occurs in small rare
patches, the nearest of which is a few kilometers away. The sampling site is approx-
imately 400 m west of a sharp-rimmed, rayed crater approximately 180 m in diame-
ter and 30 m deep (West Crater) (Figure 9b) in an area where the regolith is 3 to 6 m
thick. Beaty and Albee (1978) suggested that most of the samples collected were
ejected from West Crater. The samples include a diverse set of mare basalts and
regolith breccias. Fragments within the soils and soil breccias show the presence
of highland material, much in the form of feldspathic granulites and green glass.

4.2. THE APOLLO 12 LANDING SITE, MARE INSULARUM, SOUTHERN
OCEANUS PROCELLARUM

The site is in a region of mare basalts of a younger age (Eratosthenian) and spectral
type different from those at the Apollo 11 site (Figure 9c¢). Highland islands within
about 15 km show that the basalts are quite thin, and the area has a complex topo-
graphy. The nearby highlands are mainly Fra Mauro Formation, the ejecta blanket
of the Imbrium basin. Crater frequencies and D; show that the basalts at this site
form a terrain distinguishably older than that about 1 km away to both east and west.

Nearly all of the sampled terrain is dominated by ejecta of several craters larger
than 100 m (Figure 9d). The site is close to the rim of Surveyor crater (300 m
diameter). Overlapping blankets contribute uncertainty in where particular sam-
ples were excavated. A ray from Copernicus crosses the site, and the astronauts
observed high-albedo material in several locations. Since regolith appears to be
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only about half the thickness of the Apollo 11 regolith, craters only 3 m deep
penetrate into bedrock. The samples are mainly mare basalts, with some regolith
breccias. Among the smaller samples are ropy glasses, and impact melt fragments
similar to those collected at the Apollo 14 landing site nearby. Some may represent
Copernicus ejecta.

4.3. THE APOLLO 14 LANDING SITE, NEAR FRA MAURO CRATER

The landing site (Figure 9e) is about 1230 km south of the Imbrium basin center
and 550 km south of its southern rim crest, near the outer edge of the Fra Mauro
Formation. This Formation forms a broad continuous belt of ridges and grooves
surrounding and morphologically sculptured by the Imbrium basin event and there-
fore interpreted as its continuous ejecta blanket (Figure 5). The exact emplacement
mechanism and the proportion of Imbrium ejecta to local reworked material at
the landing site remains debatable (Oberbeck, 1975; Wilhelms, 1987). Although it
was first assumed that all of the material was primary Imbrium ejecta, later studies
provided evidence that much of the material is locally derived.

The landing area forms a smooth terrain about 1100 m west of Cone Crater
(Figure 9f), which is 340 m in diameter and about 75 m deep, with ejected blocks
up to 15 m across. The landing area is densely populated with subdued craters up to
several hundred meters across and a regolith 10 to 20 m thick (Swann et al., 1971).
Sampling was from both Cone Crater ejecta, which almost certainly represent the
Fra Mauro Formation, and the smooth terrain. Most samples are fine-grained, clast-
rich impact melt breccias; some are coarser, clast-free impact melt rocks, regolith
breccias, and aluminous mare basalts. At Cone crater rim, feldspathic fragmental
breccias were sampled. These polymict breccias contain a variety of lithic clasts
such as aluminous mare basalts and diverse crustal rocks.

4.4. THE APOLLO 15 LANDING SITE, PALUS PUTREDINIS, AND
HADLEY-APENNINES

The site is located on a mare plain of the youngest group of the Upper Imbrian
Series (Table II; Figure 5), about 2 km from Hadley Rille, whose walls expose a
layered mare basalt sequence (Figure 9g). The maria flood an embayment in the
Apennine front, a scarp that is the Imbrium basin’s main rim crest, rising abruptly
to 3.5 km above the mare plains at Hadley Delta, only 4 km south of Apollo 15.

Extensive lava plains occur to the west of the landing site, and hummocky ejecta
of the Imbrium basin to the east. The Lower Imbrian Apennine Bench Formation,
a “light plains” unit (Figures 7 and 10) inside the Imbrium rim, is exposed within
a few tens of kilometers of the site and probably underlies the Upper Imbrian lavas
at the landing site. Rays from craters Autolycus or Aristillus cross the landing site.
The regolith varies widely in thickness, according to terrain. It is only about 5 m
deep near Apollo 15 and absent close to the Hadley rille.
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Figure 9. (a) Apollo 11 landing area, Mare Tranquillitatis, (b) Map and sampling traverses at the
Apollo 11 site, (c) Apollo 12 landing area, Oceanus Procellarum, (d) Map and sampling traverses at
the Apollo 12 site, (e) Apollo 14 landing area, Fra Mauro Formation, (f) Map and sampling traverses
at the Apollo 14 site, (g) Apollo 15 landing area, Palus Putrenis, Mare Imbrium, and Hadley Delta,
(h) Map and sampling traverses at the Apollo 15 site, (i) Apollo 16 landing area, Descartes region,
(j) Map and sampling traverses at the Apollo 16 site, (k) Apollo 17 landing area, Taurus-Littrow
region, Mare Serenitatis, (1) Map and sampling traverses at the Apollo 17 landing site, (m) Landing
areas of the Luna 16, 20, and 24 missions, Mare Crisium and Mare Fecunditatis.

Figure 10. Geological map of the Apennine Bench Formation and the Apollo 15 landing area, Mare
Imbrium (from Taylor, 1982).
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Samples from the mare plains near the Hadley rille edge and in the so-called
South Cluster are mainly mare basalts and regolith breccias, whereas samples
found as high as 130 m on the Apennine Front (Figure 9h) are mainly varied
impact breccias, some anorthosites, and clods of volcanic mare green glass. Small
fragments of volcanic KREEP basalt were found in all sampling areas.

4.5. APOLLO 16 LANDING SITE, DESCARTES, CENTRAL LUNAR HIGHLANDS

The landing site was on the Cayley Formation, which is subdued smooth “light
plains”, Lower Imbrian Series, sculptured by the Imbrium event (Figures 5 and 7),
and most probably part of its discontinuous ejecta. The site is 60 km west of the
Kant Plateau, which is part of the Nectaris basin rim deposits about 100 km wide
(Figure 9i). It is near to the hilly and furrowed Descartes Formation (Muehlberger
et al., 1980), which is most probably related to the Nectaris ejecta blanket. Light
plains similar to the Cayley Formation are common around the Imbrium basin
outside of the Fra Mauro Formation (Figure 7).

The landing area contains numerous overlapping craters in the 500 m size range,
mostly subdued. Two young fresh craters, North Ray (1 km wide, 230 m deep) and
South Ray (680 m wide, 135 m deep), as well as Stone Mountain and the subdued
plains enabled to sample materials from both major Formations (Figure 9j). The
samples from the rim of North Ray are almost certainly derived from the Descartes
Formation. The regolith on both the Cayley and Descartes Formations is on average
about 6 to 10 m thick (Freeman, 1981) although it varies from 3 to 15 m.

Dominantly friable feldspathic fragmental breccias and impact melt lithologies
were collected. The latter have a wide range of textures and compositions from
very feldspathic to mafic (aluminous basaltic). Anorthosites, mostly cataclastically
brecciated, are common as both individual rocks and as clasts in polymict breccias;
feldspathic granulites are common, mainly as clasts within breccias.

4.6. APOLLO 17 LANDING SITE, TAURUS-LITTROW VALLEY, SOUTHEAST
SERENITATIS RIM

Apollo 17 landed on mare plains of the same intermediate-age-group of the Upper
Imbrian Series that occupies northern Mare Tranquillitatis near Apollo 11 (Ta-
ble II; Figure 5). The site is located in a mare-flooded valley, a radial graben in
the massifs that form a main topographic rim of the Serenitatis basin (Figure 9k).
While the massifs, rising to 2 km above the floor, are dominantly of Serenitatis ori-
gin (and therefore Nectarian), and consist of autochthonous and/or allochthonous
pre-Serenitatis material, later events, including Imbrium, also influenced the topog-
raphy. The subfloor basalt at the landing site is about 1.4 km thick. Much of the
surface of massifs and mare in the area is covered with a “dark mantling material”,
correlated with volcanic orange glass sampled at the site.

Sampling was done in the mare valley floor near numerous fresh clustered
craters, at the foot of the North Massif, and in a bright landslide of the South
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Massif (Figure 91). The latter and some of the clustered craters are presumably
caused by ejecta from the ~ 0.1 Gyr old crater Tycho, whose rays extend through
the area. The regolith on the subfloor basalts is up to 15 m thick. On the valley
floor, dominantly mare basalts and some regolith breccias were collected, and
dark mantle material was sampled as orange glass deposits. Most of the sampled
boulders and large rocks that are derived from the Massifs are impact melt brec-
cias, most commonly a mafic poikilitic variety. One boulder is composed of an
aphanitic, chemically more diverse melt breccia. Fragments of old igneous rocks
(dunites, norites etc.) are present as clasts in these melt breccias. One boulder is a
norite. Conspicuously absent are anorthosites. Abundant small fragments suggest
that much of the massif material is composed of feldspathic granulite.

47. LUNA 16 LANDING SITE, NORTHEASTERN MARE FECUNDITATIS

Luna 16 landed on mare lavas that are thin (slightly more than 1 km in the center
and about 300 m at the landing site, De Hon and Waskom, 1976), but flood a
large area of the extremely degraded, 690 km diameter Fecunditatis basin of pre-
Nectarian age, about 400 km south of highlands formed by the ejecta blanket of
Crisium basin (Figure 9m). The plains are in the middle to upper part of the Upper
Imbrian System (Table II; Figure 5).The landing site is midway between the Eratos-
thenian crater Langrenus (132 km) and the Copernican crater Taruntius (56 km),
whose ejecta and ray material as well as those of the more distal Theophilus and
Tycho brighten the surface in the vicinity (McCauley and Scott, 1972).

Drilling to a depth of 35 cm (Vinogradov, 1971) provided 101 g of dark gray
regolith with preserved stratigraphy. There was no visible layering, but 5 zones of
mildly increasing grain size with depth were recognized (70 to 120 um for the
<1 mm fraction). Most of the few particles >3 mm are of felspathic mare basalt or
minerals derived from them; others are glassy agglutinates and regolith breccias. A
small amount of feldspathic highland material is present (e.g., Keil ef al., 1972).

4.8. LUNA 20 LANDING SITE, APOLLONIUS HIGHLANDS, SOUTHERN
CRISIUM BASIN EJECTA

Luna 20 landed on the southern rim deposits of the Nectarian Crisium basin (Fig-
ure 9m), about 35 km north of the mare plains of Fecunditatis. The region consists
of smooth rounded hills and shallow linear valleys, giving the area a hummocky
appearance (Heiken and McEwen, 1972). The landing site, about 1 km higher
than the surface of Mare Fecunditatis (Vinogradov, 1973), is on relatively smooth
material characteristic of depressions in the area. Apollonius C (10 km) is a fresh
Copernican crater only a few kilometers to the east and may have contributed to
the site, but is in any case in similar highlands.

A core of ~50 g of fine-grained light gray regolith (with a median grain size
of about 70 microns) was collected by drilling analogous to Luna 16, but was
returned only half full (note in Vinogradov, 1973). The core appeared to have no
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stratification, but it may have been mixed during transport. Most of the fragments
are feldspathic granulites, although the bulk soil is somewhat less aluminous than
Apollo 16 soil or the highlands meteorites. A few fragments are of mafic impact
melt similar to those collected at the Apollo 16 and 17 landing sites. Mare basalt is
a very minor component. Glasses and agglutinates are also present.

4.9. LUNA 24 LANDING SITE, SOUTHEASTERN MARE CRISIUM

Luna 24 landed on the Upper Imbrian mare plains that flood the Crisium basin
(Figure 9m), about 40 km north of the basin rim which reaches 3.5 to 4 km above
the mare level (Florensky et al., 1977; Butler and Morrison, 1977). The landing
site lies in the inner mare, inside an inner ring of Crisium that is the cause of mare
ridges. Mare Crisium is fairly uniform but three successive main units have been
mapped by Head et al. (1978). Luna 24 landed on the upper part of the middle-age-
group that is common in the northern part of the basin but forms exposed patches
in the south as well. Various lines of evidence suggest that the mare at the site
is at least a kilometer and perhaps 2 kilometers thick. Numerous rays cross the
basin, suggesting several possible sources of small amounts of highlands material
(Maxwell and El-Baz, 1978). There are several bright patches in the vicinity, and
crater Giordano Bruno is a likely cause (Florensky et al., 1977).

The core device was different from that of Luna 16 and 24, and resulted in a
mass of 170 g of regolith. The core was 160 cm long with a diameter of 12 mm,
with a nominal penetration of ~ 225 cm to a depth of ~ 200 cm (intentionally
off vertical). Stratification was well-preserved, and four depth zones were defined
based on color and fragment sizes (Florensky et al., 1977; Barsukov, 1977). Most
of the core is clearly fine-grained regolith. Some larger particles, up to 10 mm
in size and coarser than any found in the Luna 16 or 20 cores, are basaltic rocks
ranging from very low Ti-basalt to olivine basalt. Other fragments include glasses,
breccias, and agglutinates.

4.10. LUNAR METEORITE PROVENANCES

Twenty three meteorite fragments of lunar origin (Section 2.3) have been recog-
nized by their petrographic, geochemical (e.g., FeO/MnO), and oxygen isotopic
characteristics (Grossman, 2000). They probably represent 20 meteorite falls be-
cause some samples are paired. While the Apollo and Luna samples are from a
limited though purposefully diverse region of the lunar frontside, meteorite samples
are expected to be from randomly distributed locations. Eleven of the meteorites are
regolith breccias of feldspathic highlands derivation; 1 is a feldspathic fragmental
breccia of highland composition; 1 is a melt breccia from a KREEP-rich terrain;
6 are non-brecciated mare basalts; and 1 is a fragmental breccia almost entirely
of mare derivation. Although their components and chronology in general ways
constrain the history of the Moon, the meteorites cannot be assigned to specific
geological units on the Moon, and thus do not help to calibrate the impact flux.
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5. Radiogenic Isotope Ages of Lunar Rocks

Radiogenic isotope ages have been determined on many lunar rocks collected at
the Apollo and Luna landing sites as individual fragments or as clasts within poly-
mict breccias, and for lithic and mineral fragments extracted from lunar meteorites.
The data are from several different methods, especially Rb-Sr and Sm-Nd isochron
and “°Ar-°Ar stepwise-heating methods. Here, the data which directly date, or
indirectly constrain, the age of morphological units are relevant (Section 6). In
particular, these are crystallization ages for igneous rocks and impact melts, and
metamorphic ages of recrystallized rocks. For complete data compilations, see the
reviews by, e.g., Heiken et al. (1991), Nyquist and Shih (1992), Dalrymple (1991),
Papike et al. (1998), Snyder et al. (2000), Nyquist ef al. (2001a, 2001b).

Table III lists ages, mostly inferred to be crystallization ages, of specific plutonic
and volcanic ancient highlands igneous rocks, including ancient mare basalts. They
rarely date a unit directly, but provide a lower limit in some cases (Section 2).

Table IV, although not complete, represents crystallization and recrystallization
age data of clasts in specific polymict highlands rocks, mainly impact melts and
granulitic breccias. Most of these samples are fine-grained, so that**Ar-3 Ar ages
dominate. Few of these ages directly date specific geologic units (Section 2). Some
impact melt rocks, e.g. at Apollo 17, may, on geological grounds, directly date
impact basins such as Serenitatis, as enclosed clasts in a breccia unit constrain its
age. Some of these units have been inferred to be ejecta from large craters such as
Copernicus, and reheated by those events, providing a means of dating them.

Unlike Tables III and IV, listing ages of specific samples, Table V presents age
estimates for groups of multiple mare basalt samples, identified by their chemistry,
isotopes, and petrography to belong to a single event and single unit. The different
basalt group ages vary at each landing site, so that geological arguments are needed
to determine the best age of the surface for which crater counts are available.

Exposure ages, dating when the surface of a sample was exposed to the vagaries
of cosmic and solar influences, offer additional criteria, but are limited to rim de-
posits of young Copernican craters at the Apollo sites, such as North Ray and South
Ray craters (Apollo 16), Cone Crater (Apollo 14), or the landslide and secondary
cratering at the Apollo 17 site inferred to be from Tycho (Table VI). Others reflect
purely local events of no great stratigraphic significance for this paper.

6. Absolute Ages of Cratered Lunar Surface Formations

6.1. PRE-NECTARIAN PERIOD

The pre-Nectarian Period as a time unit is the time span between the origin of the
moon and the formation of the Nectaris basin, which is most plausibly ~3.92 Gyr
old (next section). Since the oldest plausible age of solid lunar surface material
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is 4.52 Gyr (Lee et al., 1997; Halliday, 2000), a duration of the pre-Nectarian
Period of ~ 600 Myr is suggested. The pre-Nectarian system is recorded by (1) the
impact formations of some 30 multi-ring basins and their ejecta deposits identi-
fied photogeologically, and (2) returned samples of rocks whose absolute ages are
older than Nectaris. The suite of “plutonic” pre-Nectarian rocks comprises ferroan
anorthosites, alkali anorthosites and rocks of the so-called Mg-suite (troctolites,
norites, dunites, and gabbronorites). Clasts of aluminous mare basalts, rare clasts
of impact melt rocks, and granulitic lithologies also display pre-Nectarian ages
(Table IIT). All these rock types document the existence of magmatic, thermometa-
morphic, and impact processes throughout the pre-Nectarian Period. None of the
dated pre-Nectarian rock clasts can be directly related to the geologic unit (forma-
tion) in which they formed or to any specific pre-Nectarian surface unit because
they were all displaced after their formation by multiple impacts.

The relative ages of most of the pre-Nectarian multi-ring basins are documented
on the basis of crater counts on their ejecta formations. Wilhelms (1987) distin-
guishes 9 age groups in which the density of craters >20 km per 10® km? (Hart-
mann and Wood, 1971) increases from 79 (Nectaris) to 197 (Al-Khwarizimi/King)
(Figure 5). In Wilhelms’ (1987) scenario, no multi-ring basins older than 4.2 Gyr
are unequivocally recorded, thus implying that the oldest basins, South Pole-Aitken
and Procellarum, and some 14 obliterated basins formed between 4.2 and 4.1 Gyr.

6.2. NECTARIAN PERIOD

Twelve multi-ring basins of Nectarian age have been identified (Wilhelms, 1987;
Spudis, 1993). The superimposed crater densities (craters > 20 km per 10° km?)
on the ejecta formations of these basins range from 31 for Bailly to 79 for Nectaris
(Figure 5). Ejecta are inferred to have been sampled at Apollo and Luna landing
sites for Nectaris, Crisium, and Serenitatis (Apollo 16, Luna 20, and Apollo 15 and
17, respectively). The attempts to assign absolute ages to these basins are based on
samples from these landing sites (Tables IV and VI).

6.2.1. Age of the Nectaris Impact Basin

The age of the Nectaris basin is mainly derived from radiometric ages of Apollo 16
samples (Table IV). The local stratigraphy of the Apollo 16 landing site defines
two major superimposed formations (Ulrich et al., 1981): The older Descartes
Formation, most probably exposed by ejecta from the 50 Myr old North Ray crater
and the younger surficial Cayley Formation exposed as reworked regolith at the
whole landing site. North Ray crater is inferred to have excavated rocks that are
interpreted to be part of the continuous ejecta blanket of Nectaris (Stoffler er al.,
1981, 1985; Wilhelms, 1987). In the ejecta of North Ray crater highly feldspathic
fragmental breccias are common. Lithic clasts, both individual rock fragments of
the regolith and clasts within feldspathic fragmental breccias, provide the most
reliable age constraints for the Descartes Formation and hence for the age of the
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TABLE III

31

Radiogenic crystallization ages (Gyr) for igneous lunar highlands rocks (decay constants from Steiger
and Jager, 1977, for references see Papike et al., 1998).

Sample | 40Ar3%Ar* Rb-Sr Sm-Nd  U-Pb,Pb-Pb
Ferroan 22013,9002 4.51+7
anortho- 60025 4.44 +£0.02 4.514+0.01
sites 67016 cl 4.56 £0.07
62236 4.36 £0.03
67435;33a cl 4.35 +0.05
67435;33b cl 4.33 +£0.04
Mg-rich Trocto- 76535 4.19£0.02 4.51+0.07 4.26+0.06 4.27+7
plutonic lites 4.16 +0.04
rocks 4.27 +0.08
14306,150 (?) 4.245 £ 0.075
Dunites 72417 447 +0.10
Norites 1430591 (?) 4.211 £ 0.005
15445;17 4.46 +0.07
15445;247 4.28 £0.03
15455228 449 £0.13 4.53+0.29
72255 4.08 £+ 0.05
73215;46,25 4.19 £0.01
77215 433+0.04 4.37+0.07
78235 4.426 £+ 0.065
78236 4.39+7 4.29+0.02 443+0.05
4.11 £0.02 434 £0.04
Gabbro- 67667 4.18 £0.07
norites 73255¢ 4.23 +£0.05
Alkali 14066;47 (7) 4.141 £ 0.005
rocks 14304 clb 4.344+0.08  4.108 +0.053
1430660 (?) 4.20+£0.03
14321516 ¢ 4.028 £ 0.006
67975;131 4.339 + 0.005
KREEP Al5 Kb 15382 3.84 +0.05
basalt (Kb) 3.85+0.04 3.82+0.02
and Quartz 15386 3.86 £0.04 3.85+0.08
monzodio- 15434 particle 3.83£0.05
rite rocks Al7 Kb 72275 3.93+0.04
(Qmr) 4.04 £0.08 4.08 £0.07
Omr 15405,57 4.297 £0.035
15405,145 4.309 £0.120
Granite 12013 > 4.08
and 12033,507 3.883 £0.003
felsite 12034,106 >3.916+0.17
rocks 14082,49 4.216 +0.007
14303 cl 4.308 £+ 0.003
14311,90 4.250 £+ 0.002
14321 B1(=cl?) K-Ca: 4.010 £ 0.002
14321 cl 4.060+0.071 4.04+0.03 4.11+020 3.965=+0.025
72215 mix 3.95+0.03
7321543 3.82 +£0.05
73235,60 4.218 +£0.004
73235,63 4.320 £ 0.002
73235,73 > 4.156 +0.003

* only given if suggestive of original crystallization age
2 disturbed and suspect
cl =clast
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TABLE IV

Representative radiogenic crystallization ages (Gyr) for polymict lunar highlands rocks (decay
constants from Steiger and Jager, 1977; for references see Papike et al., 1998).

Sample* Description 40Ar-39Ar Rb-Sr
Fragmental 14064,31 KREEP melt clast 3.81+£0.04
breccias 67015,320 feldspathic melt blobs 3.90 +0.01
67015,321 VHA melt blob 3.93 +£0.01 (K-Ar)
Glassy 61015,90 coat 1.00 £ 0.01
breccias 63503 particle Im | glass fragment 226 £0.03
and glass 67567.,4 slaggy bomb 0.84 +0.03
67627,11 slaggy bomb 0.46 +0.03
67946,17 slaggy bomb 0.37 £0.04
Crystalline 14063,215 poikilitic impact melt 3.89 £0.01
melt breccias  14063,233 aphanitic impact melt 3.87 £0.01
14167,6,3 melt 3.82+0.06
14167,6,7 melt 3.81£0.01
15294,6 poikilitic, Gp.Y 3.87 £0.01
15304,7 ophitic, Gp. B 3.87+£0.01
15356,9 poikilitic, Gp. C 3.84 +£0.01
15356,12 poikilitic, Gp. C 3.87 £0.01
60315,6 poikilitic 3.88 £0.05
63503 particle 1c | VHA? 3.93+0.04
65015 poikilitic 3.87 +0.04 3.84 £0.02
65785 ophitic 3.91 £0.02
72215,144 aphanite; felsite melts 3.83 £0.03
72255 aphanite; felsite melts 3.85+0.04
72215,238b aphanite 3.87 £0.02
73215 aphanite; felsite melts 3.84 £0.05
77075,18 veinlet (Serenitatis) 3.93 £0.03
72395,96 poikilitic (Serenitatis) 3.89 +£0.02
72535,7 poikilitic (Serenitatis) 3.89 +0.02
76055 magnesian, poikilitic 3.92+0.05
76055,6 magnesian, poikilitic 3.78 £0.04
76055,6 magnesian, poikilitic 3.78 £ 0.04
Clast-poor 14073 subophitic 14310-group 3.80 +0.04
impact melts 14074 subophitic 14310-group 3.80 +0.04
14276 subophitic 14310-group 3.80 £0.04
14310 subophitic 3.88+£0.05 3.79 £0.04
14310 subophitic; plag 3.82+0.04
65795 subophitic, very feldspathic 3.81 £ 0.04
60635 subophitic, 68415-group 3.75+£0.03
65055 subophitic, 68415-group 3.89 +£0.02
67559 subophitic, 68415-group 3.76 +0.04
68415 subophitic 3.80 +0.06 3.76 +£0.04
68416 subophitic, 68415-group 3.71 £0.02
Granulitic 14063,207 3.90 £0.02
breccias and  14179,11 clast 3.97 £0.01
granulites 15418,50 3.98 +0.06
67215,8 3.75+£0.11
67415 3.96 +0.04
67483,13,8 4.20+£0.05
72255,235b clast 3.85+£0.02
77017,46 3.91 £0.02
78155 4.16 £0.04
78527 4.15+£0.02
79215 3.91+£?

* including split number if given by authors



STRATIGRAPHY AND ISOTOPE AGES OF LUNAR GEOLOGIC UNITS

TABLE V

33

Best estimates of crystallization ages of mare basalt flows at the Apollo and Luna landing sites.
Data compiled from various sources; see especially Snyder er al. (2000), Burgess and Turner
(1998), Nyquist and Shih (1992), Dalrymple (1991), Spangler et al. (1984), and references
therein. Proposed ages for surface flows (crater retention ages) are given in bold (see Table VI).

Landing Site l Basalt group | Absolute Age (Gyr)
Apollo 11 High-K basalts 3.58£0.01
High-Ti basalts, groups B1-3 3.70 £0.02
High-Ti basalts, group B2 3.80 +0.02
High-Ti basalts, group D 3.85+0.01
Apollo 12 Olivine basalt 3.22+0.04
Pigeonite basalt 3.15+0.04
Ilmenite basalt 3.17+£0.02
Feldspathic basalt 3.20 £ 0.08
Apollo 15 Ol-normative basalt 3.30 +0.02
Qz-normative basalt 3.35+0.01
Picritic basalt 3.25+0.05
Ilmenite basalt (15388) 3.35+0.04
Green glass ~34-33
Yellow glass 3.62 £ 0.07
Apollo 16 Feldspathic basalt 3.74 £0.05
Apollo 17 High-Ti basalt, group A 3.75+0.01
High-Ti basalt, group B1/2 3.70 £ 0.02
High-Ti basalt, group C 3.75+£0.07
High-Ti basalt, group D 3.85+£0.04
Orange glass ~35-36
Luna 16 | Aluminous basalt | 341+0.04
Luna 24 | Very-low-Ti-basalt (VLT) | 322+0.02
Lunar meteorite Asuka 881757 | Basalt (gabbroic) l 3.87 £0.06

Nectaris basin (Maurer ef al., 1978; Wacker er al., 1983; Jessberger, 1983; Stoffler

et al., 1985). Their ages range from 3.84 Gyr to 4.14 Gyr. Since the youngest clast
determines the age of the polymict impact breccia forming the basement of North

Ray crater, an age as young as 3.85 £ 0.05 Gyr has been proposed for the Nectaris

basin (Stoffler er al., 1985; Table VI). This age may also be supported by the age
distribution of lithic clasts of the Fra Mauro Formation excavated by Cone crater

at the Apollo 14 site (Stadermann et al., 1991). Other proposed ages (Table VI)
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TABLE VI
Cumulative crater frequencies, crater degradation values Dy, and absolute ages of lunar surface
units derived from isotope ages of lunar rocks; data are taken from the literature except for the
absolute ages (this paper, Section 6).

- |28 g8 i | g2 |88 3 s g
N By Jat] = i) i ~ N N2
S 838 5|8 | CEICE = | g | ose
: S5E|LE|LE|LE|LE & |83 | &3
: o |EE3| a5 | TS| T2 |3 8 %3 | %3
Formation S |([Gee|l zA | =zA| zA |2 <« < Z <z
Ancient highlands 1150 | 10-36 |564-677 3600 | 920 | 4.3-4.55 ? ?
(oldest crust) +200 +1100 4.354+0.10
Uplands 7-30 |132-564 4.0-4.4 ? ?
Nectaris basin ? 16 1200 | 310 |4.10+0.10 | 3.924+0.03| 3.924+0.03
+400 3.85+0.05
Al6/Descartes 340+70| 87 |[3.9040.10(3.924+0.03|3.9240.03
Formation 3.851+0.05
Crisium basin ? ? 570% | 145* 3.8940.02 | 3.8440.04
Serenitatis basin ? ? ? ? 13.9840.05 |3.89+0.01 | 3.87+0.03
A16/Cayley F. 550+50| 4.0 34.7 3.85+0.02 | 3.77+0.02
Imb. Apennines 350+30{ 3.0 250-480| ? 89 |3.91+0.10 |3.85+0.02
Al14/FraMauro F. 350430(2.8-3.0| 47.7 |250-480[370+70| 94% | 3.91+0.10 |3.8540.02 | 3.77+£0.02
Imbrium basin 3.9140.10 | 3.85£0.02 | 3.77£0.02
Orientale ejecta 550 | 250 | ND 220 | 220+? ND ND
blanket +100
Orientale basin 3.72-3.857{3.72-3.77?
Oldest M. (Nubium) 315 2.5 ND ND ND | ND ND ND
Mare Nectaris ND ND ND ND ND | ND 3.74 3.74
M. Tr., old (A11) 390 | ND? | 26.2? | 200 |90+18| 23 |3.7240.10|3.8040.02 | 3.80+0.02
M.Serenitatis (A17) {330-390| 1.20 90 [100+30( 26 3.7540.01 | 3.754+0.01
M.Tr.,young (Al11) {280-390| 1.39 15? 34 | 64+20| 16 |3.534+0.05|3.58+0.01 | 3.58+0.01
M.Fecunditatis (L.16) {240-300| 0.93 | 15.3 33410 | 8.4 |3.40+0.04 [3.4140.04|3.41£0.04
Mare Imbrium (A15) [255-285] 0.43 | 8.01 26 | 32+11 | 8.2 |3.2840.10|3.30+0.02 | 3.30+0.02
Mare Crisium (L.24) 043 | 8.17 26 |30+10| 7.6 |3.3040.10 |3.22+0.02 | 3.22+0.02
O.Procellarum (A12) [210-215| 0.72 13.6 24 3611 9.2 |3.18+0.10 [3.1540.04 | 3.15£0.04
Autolycus 160-200| ND ND ND ND ND 2.1+£? 2.1£?
Copernicus 88-112 | 0.30 | 0.06 13+3 | 3.3 |0.8540.20 {0.8+0.015 | 0.8+0.015
Tycho, A17 ND? | 0.10 | 0.019 | ND 09 [0.23 0.109 0.109 0.109
+0.18 +0.004 +0.004 +0.004
Tycho 10-20 0.109 0.109
+0.004 +0.004
North Ray crater 4-5 ND ND ND 044 |0.11 0.05 0.053 0.053
+0.11 +0.0014 | +0.008 +0.008
Cone crater ND ND ND ND 0.21 |0.05 0.026 0.025 0.025
+0.05 40.0008 | +0.012 +0.012
South Ray crater 0.002 0.002
+0.0002 | £0.0002
Terrestrial craters 3.6+1.11 9.2 0.375 0.375 0.375
(Phanerozoic) +0.075 +0.075 +0.075

(1) = Wilhelms (1987); (2) Hartmann et al. (1981); (3) Neukum and Ivanov (1994); (4) this paper, Ryder and
Spudis (1987), Wilhelms (1987); (5) this paper; Deutsch and Stoffler (1987), Stadermann et al. (1991); (6)
previous proposals, 3.85: Stoffler et al. (1985), 3.87: Jessberger et al. (1977); # from Neukum (1983); av. =
average; ND = not determined; A = Apollo; F. = Formation; Imb. = Imbrium; L = Luna; M. = Mare; O. =
Oceanus; Tr. = Tranquillitatis; a) average mare: 1.88 x 10~4 craters >4 km/km?2.
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are 3.92 & 0.03 Gyr (Wilhelms, 1987; Deutsch and Stoffler, 1987) and 3.95 Gyr
(James, 1981). In part, the arguments for these older ages reflect the 3.85 Gyr age
of Imbrium, which is younger than Nectaris. Wilhelms (1987) suggests 3.92 Gyr
for Nectaris only because this age is most compatible with his assumption of a
constant cratering rate in the pre-Nectarian and Nectarian time since about 4.2 Gyr
(with 30 multi-ring basins formed between 4.2 and 3.92 Gyr and 12 basins formed
between 3.92 and 3.85 Gyr, his inferred age of Imbrium). However, an assumed
constant cratering rate is not a valid age constraint.

6.2.2. Age of the Crisium Impact Basin

The absolute age of the Crisium basin is tentatively inferred from radiometric ages
of a few small particles from the Luna 20 regolith (Wilhelms, 1987; Spudis, 1993),
collected from ejecta deposits of Crisium. Most of the fragments are feldspathic,
KREEP-poor impact melt rocks not unlike some of the characteristic melt rocks
at the Apollo 16 site although sample 22007,1 (3.87 Gyr, Podosek et al., 1973)
is similar to the more KREEP-rich, Apollo 17 crystalline melt rocks, interpreted
as Serenitatis impact melt. One sample of the KREEP-poor impact melt lithology
(22023,3,F) was dated at 3.895 + 0.017 Gyr (Swindle et al., 1991) which is pro-
posed as a consistent age for the Crisium basin. Wilhelms (1987) suggested an age
of 3.84 £ 0.04 Gyr for Crisium (Table VI). It remains uncertain whether any of
the dated lithic clasts represent Crisium melt or even the youngest clasts of the
continuous deposits of Crisium. Its actual age could be younger than 3.89 Gyr
(Table VI) and nearly as young as the next younger dated basin (Serenitatis).

The relative ages of the Crisium and Serenitatis basins are not definitely clear.
The crater density value for superimposed craters > 20 km per 10% km? is higher
for Serenitatis (837) than for Crisium (53) although it is based on very poor statis-
tics, and Serenitatis has been extremely modified by Imbrium. Wilhelms (1987)
argues on the basis of superposition and morphology characteristics that Serenitatis
is younger than Crisium. This would set an age of 3.89 & 0.01 Gyr, the proposed
age for Serenitatis (see below), as the lower limit for the age of Crisium.

6.2.3. Age of the Serenitatis Impact Basin
The Apollo 15 and 17 landing sites are close to (though just outside of) the main
rim of the Serenitatis basin, thus, samples from both sites were suitable for dating
the Serenitatis event (Table IV; see Section 3). Apollo 17 samples were collected
from massifs of the Taurus-Littrow region which are part of the eastern main rim of
Serenitatis. This region is fairly undisturbed and only slightly modified by deposits
of younger basins (Wilhelms, 1987; Spudis, 1993). In contrast, the Imbrium basin-
forming event destroyed and buried the western rim formations of Serenitatis.
Most of the boulders and smaller rock fragments from the Taurus mountains’
North and South Massifs represent a widespread unit of poikilitic, fragment-laden
impact melt of uniform composition, inferred to be Serenitatis melt, spilled out
of the growing cavity (e.g., Spudis and Ryder, 1981), with a tightly constrained
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age of 3.893 + 0.009 Gyr (e.g., Dalrymple and Ryder, 1996). One boulder and
few smaller fragments from the South Massif are aphanitic fragment-laden im-
pact melts, chemically more varied and distinct from the poikilitic melts, and also
more varied in fragment population. Their fine-grained, clast-rich nature is less
conducive to radiometric dating. Inferred ages are in the range 3.86 — 3.93 Gyr,
but on average younger than those of the poikilitic rocks. These rocks might be a
variant of Serenitatis melt, or even from the Imbrium event. Previously, Serenitatis
was dated as 3.86 £ 0.04 or 3.87 £ 0.03 Gyr (Jessberger et al., 1974, 1977, 1978;
Staudacher er al., 1979; Wilhelms, 1987; Deutsch and Stoffler, 1987; Table VI).

6.3. EARLY IMBRIAN EPOCH

6.3.1. Age of the Imbrium Impact Basin

Imbrium basin deposits have been sampled at the Apollo 14, 15, and 16 sites, where
different facies of Imbrium ejecta were deposited as indicated by photogeological
interpretations (Wilhelms, 1987; Spudis, 1993) and by cratering models (Oberbeck,
1975; Schultz and Merrill, 1981; Melosh, 1989). Apollo 15 sampled ejecta deposits
(probably including impact melt) at the main rim of the Imbrium basin, Apollo 14
lithic clasts of the continuous ejecta blanket (Fra Mauro Formation), and Apollo 16
a zone of distal discontinuous ejecta (Cayley Formation).

Two major proposals for the age of Imbrium have been published in recent years
after an age of 3.85 — 3.90 Gyr had been generally accepted before 1980. The ages
proposed more recently are 3.85+0.02 Gyr (Wilhelms, 1987; Ryder, 1990a, 1994;
Spudis, 1993; Hartmann ef al., 2000) and 3.77 £ 0.02 Gyr (Deutsch and Stoffler,
1987; Stadermann et al., 1991). The originally accepted age was mainly based on
the measured ages of lithologies which were in some way supposedly reset by
Imbrium event, and which displayed a peak of their frequency distribution within
the 3.85 — 3.90 Gyr age range (e.g., Taylor, 1975). This approach is incorrect in
view of our foregoing statements, yet continues to exist, e.g., Wilhelms’ (1987)
statement: “The time of the Imbrium impact seems to be well constrained at from
3.82 to 3.87 Gyr; the average and well represented age of 3.85 4+ 0.03 Gyr is
tentatively adopted here”. The more recent proposals are not based on “histogram”
approaches but on age constraints that apply to relevant geological units.

Arguments for a 3.85 £ 0.02 Gyr age of the Imbrium impact basin (G. Ryder):
The age of Imbrium is established by the age of its ejecta blanket, because definite
Imbrium impact melt has not been identified. Even the samples most likely on
petrological grounds to be such melt (15445 and 15455) have disturbed “°Ar-**Ar
ages, merely suggesting an age greater than about 3.82 Gyr. The age of the ejecta is
established using lithic fragments within it: They must be contemporaneous with or
be older than the Imbrium event, thus providing an upper age limit (oldest possible
age). The age of the youngest lithic fragment is likely to be close to that of the
impact. The ejecta is overlain and embayed by the Apennine Bench Formation
(Hackmann, 1966) which is exposed near the Apollo 15 landing site. This flow-
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melt unit is younger than the Imbrium impact (or is contemporaneous with it in the
unlikely event that it is its impact melt sheet), and thus provides a lower age limit.

The Imbrium ejecta were sampled at the Apollo 14 and 15 sites, and in a more
diluted and complex form at the Apollo 16 site (Table IV). Cone Crater at Apollo 14
excavated material that is definitely Fra Mauro Formation. Melt fragments within
these samples, including fragments in the friable light breccias, have a range of
ages from ~3.95 down to 3.85 Gyr (a few older fragments are not impact melts, e.g.
Stadermann et al., 1991). Samples which were collected outside of the Cone Crater
ejecta blanket include melt samples with younger ages, down to nearly 3.7 Gyr
(especially belonging to a single chemical group exemplified by 14310). However,
these are not necessarily from the Fra Mauro Formation. The Cone Crater samples
strongly suggest an age for the Imbrium ejecta blanket of 3.85 4 0.02 Gyr.

Melt samples at the Apennine Front must be chiefly pre-Imbrian or contempo-
raneous with it, as no major impact events later affected the site. Samples collected
are dominantly from Imbrium ejecta, continually exposed by mass wasting. Only
a few are likely to be exotic. Dalrymple and Ryder (1993) obtained chronological
data on the range of Apollo 15 impact melts defined by Ryder and Spudis (1987).
All but one of the dated samples gave ages around 3.86 — 3.88 Gyr, the other one
gave an age of 3.84 & 0.02 Gyr. The Apennine Front data strongly suggest an age
for the ejecta blanket of 3.85 £ 0.02 Gyr. The Cayley Plains at Apollo 16 are less
definitive but nearly all of the impact melts must pre-date Imbrium and nearly all
have ages >3.86 Gyr. The main exception is a significant group with a composition
similar to local regolith, to be described in the next section. Thus the Apollo 16 data
are consistent with that from Apollo 15 as an upper limit on the age of Imbrium.

The Apennine Bench Formation (Figure 10) has the physical features of a vol-
canic unit. Gamma-ray orbital data (Apollo 15 and Prospector missions) show that
the unit has the same thorium abundances as the KREEP basalts found as small
fragments and a common regolith constituent at the Apollo 15 landing site (Spudis,
1978; Hawke and Head, 1978; Ryder, 1987). These volcanic rocks have a well-
defined age of 3.85 4-0.02 Gyr, indistinguishable from the upper limit for Imbrium
defined by its ejecta. Thus both the upper and lower absolute age limits for Imbrium
are the same, establishing the Imbrium basin as 3.85 £ 0.02 Gyr (Table VI).

Arguments for a 3.77 2 0.02 Gyr age of the Imbrium impact basin (D. Stoffler):
This age has been derived from detailed Consortium studies of the Apollo 14 and
16 highland breccia samples (e.g., Stoffler et al., 1981, 1985, 1989; Stadermann
et al., 1991). The main arguments for the 3.77 Gyr age are given in Deutsch and
Stoffler (1987) and supplemented by Stadermann ez al. (1991). The youngest lithic
clast of the basement breccias of the Apollo 14 and 16 sites, representing the Im-
brium related Fra Mauro and Cayley Formations, respectively, must provide the age
of the parent basin. At both sites, there are “young crystalline impact melt rocks”
ranging in age from 3.71 £ 0.03 Gyr to 3.81 4= 0.01 Gyr. The 3.77 £ 0.02 Gyr age
is mainly based on the group of anorthositic-noritic melt rocks (3 Apollo 16 melt
rocks clustering at 3.75 &+ 0.01 Gyr) and on the group of youngest Apollo 14 melt



38 STOFFLER AND RYDER

rocks, which are chemically distinct from them. The age of 3.77 &+ 0.02 is covered
by the age uncertainties of the two groups of subophitic melt rocks.

The samples younger than 3.82 Gyr belong to different textural and chemical
groups and range in size from the cm- to the m-scale (e.g., boulder 68415/416).
The subophitic samples (e.g., 14310 and 68415/416) represent clast-free, relatively
coarse-grained and therefore slowly cooled impact melt rocks, particularly critical
for the arguments against a post-Imbrian origin of these rocks. Deutsch and Stoffler
(1987) argue that these rocks originate from large pre-Imbrian impact crater for-
mations (melt sheets and polymict breccia deposits); they cannot be derived from
erratic clasts ejected from local or distant post-Imbrium craters.

Deutsch and Stoffler (1987) questioned that the Apennine Bench Formation
(Figure 10) is younger than Imbrium and that it is composed of the same type of
KREEP basalts which occur as clasts at the Apollo 15 site dated at 3.85 £0.05 Gyr
(e.g., Carlson and Lugmair, 1979). There is no direct geologic evidence that the
volcanic “light plains” of the Apennine Bench extend to the Apollo 15 site forming
the substratum of the mare basalts and covering Imbrium ejecta (Spudis, 1993,
Figure 7.13) because these assumed relationships are not exposed at the Apollo 15
site. Therefore, the Apennine Bench Formation must be pre-Imbrian in age and
formed on top of an older terra unit which assumed its present position between the
inner ring and the main rim of the Imbrium multi-ring basin as a parautochthonous
megablock of the pre-impact target not completely flooded by mare basalt flows.

6.3.2. Age of the Orientale Impact Basin

Orientale is the youngest of the multi-ring basins on the Moon (Wilhelms, 1987;
Spudis, 1993), but its absolute age cannot be determined directly from measured
ages because samples related to Orientale have not been identified at any of the
landing sites. This can be hardly expected since only ray material could be present
at the sites, which is difficult to identify in the sample collections. Wilhelms (1987)
contends that Orientale must have formed at ~3.85 — 3.72 Gyr assuming that
3.85 Gyr is the age of Imbrium and 3.72 Gyr is a lower limit set by oldest age
of nearby exposed mare basalts of Upper Imbrian age. Based on relative crater
densities of these basins, he proposed a tentative age of 3.8 Gyr for Orientale.
However, it could be almost as old as Imbrium, i.e., 3.84 Gyr. Based on the above
proposed age of 3.77 £ 0.02 Gyr for Imbrium and on the relative crater densities,
Orientale should be <3.75 Gyr old and could be as young as 3.72 Gyr (Table VI).

6.4. LATE IMBRIAN EPOCH

6.4.1. Age of Apollo 17 Basalt Surfaces (3.70 — 3.75 Gyr)

The Apollo 17 mare basalt samples collected over a wide area of several kilo-
meters are high-titanium basalt. They fall into distinct chemical groups (Table V)
that represent at least four distinct extrusions (Warner et al., 1979; Neal et al.,
1990; Ryder, 1990b). Most of the samples are group A (3.75 Gyr) or the more
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complex group B (3.70 Gyr). Group C (~3.75 Gyr) samples have been identified
only among the few Shorty Crater samples, and group D (~3.85 Gyr 7) only by
one sample from the Van Serg regolith core. Samples from boulders at the rim of
650 m diameter Camelot (Station 5) presumably represent the deepest excavated
basalt, perhaps 100 m; and all belong to group A basalts which occur at all mare
sampling locations. Samples of boulders 150 m from the rim of 600 m diameter
Steno (Station 1) presumably represent a shallower level and belong to group B
basalts. Group B basalts are found throughout the mare sampling locations except
Shorty crater. These relationships suggest that group A basalts underlie group B
basalts, consistent with their radiometrically determined ages (Table V). Wolfe
et al. (1981) suggested that group C basalts, dominating the ejecta of the small
Shorty crater, were the youngest, but radiometric ages show that they are older
than group B and similar in age to group A. Thus the youngest basalts which
flood at least the eastern end of the Taurus-Littrow valley are the group B basalts
(3.70 Gyr). However, to the west the covering by group B basalts may be patchy
leaving group C and A basalts as the topmost bedrock (3.75 Gyr).

Both the regional and local area have dark mantle deposits, stratigraphically the
youngest volcanic deposits which appear to be correlated with the sampled orange
volcanic glass; its preferred age is ~3.5 Gyr (Tera and Wasserburg, 1976). The
presence of dark mantle, the possible patchy distribution of the lava flows, and the
considerable obscuration of the older cratering history by the production of the
central cluster of craters (Lucchitta and Sanchez, 1975) at about 110 Myr, make
relating a radiometric age to a crater density or crater degradation parameter an
uncertain task at the Apollo 17 site. However, it seems likely that the mare plain at
least to the immediate east of the landing site consists of lava flows with an age of
3.70 Gyr, while those extending out into Mare Serenitatis and Mare Tranquillitatis
might be slightly older. It is unlikely that the oldest sampled basalts, group D, form
any extensive surface in the region.

We infer that an age of 3.75 Gyr probably best represents the crater densities
measured in basalts just inside the southeast rim of Serenitatis (Table VI).

6.4.2. Age of Apollo 11 Basalt Surfaces (3.58 Gyr and 3.80 Gyr)

The mare basalt samples collected from the very small area investigated on the
Apollo 11 mission are all high-titanium varieties, but have a range of compositions
and ages that represent at least four separately extruded basalt types (Table V).
Group A (3.58 Gyr), the high-K basalt, is most abundant (10 out of 20 of the
large basalt rocks, including the three largest, and 65% of the mass; and 14 out
of 24 “peanut” samples). Group B1-B3 (3.70 Gyr), a complex group, comprises
most of the rest of the samples, while the two oldest groups B2 (3.80 Gyr) and
D (3.85 Gyr) are comparatively minor. Exposure data (Geiss ef al., 1977) indicate
that the group A samples came from a surface exposure, and that the low-K basalts
(groups B and D) came from a shielded site, most excavated in a single impact
(possibly the only 30 m deep West Crater, but possibly from much further away).
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Galileo and Clementine spectral reflectance data (Staid et al., 1996) indicate
that the landing site lies in but close to the edge of a western unit that is both
the youngest and the highest in TiO, in Tranquillitatis, which they correlate with
the group A basalts. A much more extensive nearby unit identified spectrally is
older and extends a coherent surface as far north as the Apollo 17 landing site,
consistent with this unit being the group B1-3 basalts which are similar in both age
and composition to Apollo 17 basalts. Even older basalts identified spectrally as a
little lower in TiO, may well correspond with group B2 or D (or both). Of the crater
density units referred to by Wilhelms (1987) and Neukum and co-workers (e.g.,
Neukum and Ivanov, 1994) we infer that the young one is the 3.58 Gyr group A
basalts, and the older one is group B2 or D which is about 3.80 Gyr.

The much smaller regolith thickness at the Apollo 11 landing site (3 to 6 m)
than at the Apollo 17 landing site (<10 m) is consistent with the young basalts
(3.58 Gyr) being a dominant surficial unit in the area, as is its chemistry. If the
surface unit were 3.70 Gyr old we would expect a regolith thickness more similar
that at Apollo 17. The thickness of the group A basalt unit is speculative, but at least
some samples of it are coarse-grained and there is evidence that more than one flow
was sampled and that differentiation was taking place, and thus constitutes a fairly
thick unit. The evidence is thus suggestive that the local crater retention reflects a
3.58 Gyr surface (Table VI), although that might not be the case if the 3.58 Gyr old
group A basalts form only a thin (30 m) sequence (if it is thin the crater densities
might represent an older surface). It seems unlikely that it could be a generally thin
sequence if it is laterally so extensive as inferred by Staid et al. (1996) though the
Apollo 11 site must be close to its boundary.

6.4.3. Age of Luna 16 Basalt Surface (3.41 Gyr)

The tiny mare basalt fragments available from the Luna 16 regolith appear to be
mainly a coherent chemical group that is more aluminous than typical mare basalts
and with intermediate titanium contents (4-5% TiO,) (Grieve et al., 1972; Keil et
al., 1972; Kurat et al., 1976; Ma et al., 1979); they probably represent a single flow
or related flows. The basalt fragments are all fine-grained, suggesting either a thin
flow or a series of similar, overlapping thin flows. A Rb-Sr isochron and a*’Ar-
3 Ar age on a single fragment are consistent with an age of 3.41 Gyr for this basalt
group (Table V; Papanastassiou and Wasserburg, 1972; Hunekeet al., 1972). Two
separate fragments (3.45 £ 0.06 Gyr and 3.30 + 0.15 Gyr) are consistent with this
age (Cadogan and Turner, 1977).

The Luna 16 regolith, collected to a depth of ~30 cm, appears to be well-mixed
(Reid et al., 1972). Its chemical composition is a little less iron- and titanium-rich
and a little more alumina-rich than the basalt particles. Although a few fragments
suggested to be distinct from the main group of basalts are present, the regolith
composition is consistent with being a mixture dominated by the main group of
basalts and a more aluminous, incompatible trace-element-poor highland compo-
nent. Thus the regolith composition indicates that the age of this group of basalts
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is representative of the mare surface at the Luna 16 landing site (Table VI). The
sampling site is on a dark unit whose spectral class indicates a higher titanium
content than most of Mare Fecunditatis. Presumably this unit has the crater density
included in the table of Neukum and Ivanov (1994).

6.4.4. Age of Apollo 15 Basalt Surface (3.30 Gyr)

The great number of mare basalt samples collected from the mare plains on the
Apollo 15 missions is dominated by two low-titanium varieties, the olivine-norma-
tive basalts (3.30 Gyr) and the quartz-normative basalts (3.35 Gyr) (Table V). The
other rare basalt fragments are of a similar age, but were found as exotic fragments
on the Apennine Front. Various types of volcanic glasses (~3.3—3.6 Gyr, Spangler
et al., 1984) occur only locally or dispersed in the regolith. Stratigraphically the
olivine-normative mare basalts appear to be the highest and are dominant among
small rock samples everywhere (Ryder, 1985). This is consistent with the younger
radiometric ages. The rille walls show layers, consistent with a sequence of fairly
thin flows of a single olivine-normative basalt magma that is suggested by the
chemical variation and petrography of samples, and underlain at some level by
a sequence of the quartz-normative flows (Ryder and Schuryatz, 2001).

The chemical composition of the Apollo 15 mare regolith samples demonstrates
the domination by the olivine-normative mare basalt (Korotev, 1987), even at Dune
Crater. The difference in ages of all the Apollo 15 mare basalt types (and probably
the glass as well) is in any case so small and the total thickness so great that the
crater density measured for this part of Palus Putredinis can be ascribed to an age
of 3.30 Gyr with confidence (Table VI).

6.4.5. Age of Luna 24 Basalt Surface (3.22 Gyr)

Most of the basaltic fragments and at least a large proportion of the coarser min-
eral fragments from all levels of the Luna 24 regolith core represent a distinct
very-low-titanium aluminous mare basalt type (Ryder and Marvin, 1978; Tayloret
al., 1978; Graham and Hutchison, 1980). Metabasalts, impact melts, and glasses
have the same composition, indicating that it is a dominant component of the
regolith, although other lithic types are present. The nature of the sample allows
only fine-grained basalts to be recognized as such, but the mineral chemistry of the
monomineralic fragments suggest that coarse-grained equivalents are present.

The available ages, which appear to all be on low-titanium mare basalts and
metabasalts, show a rather narrow range around 3.22 Gyr (Burgess and Turner,
1998). That the metabasalts have the same ages suggests that they are metamor-
phosed flow margins and that the basalts consist of a sequence of overlapping
flows of similar composition. One sample has a somewhat older “°Ar-* Ar-age,
but might be compromised by the large amount of trapped argon. It is possible
that a slightly younger age of 2.93 Gyr for one particle should be considered more
reliable. Nonetheless it would appear that the basalt particles are dominated by a
single component with an age of 3.22 Gyr (Table V).
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The bulk regolith is very similar in chemical composition for both major and
minor elements to that of the very-low-titanium basalts, identifying these basalts
as the surface unit at this site. This is inconsistent with the remote-sensing data
that show that surfaces with such low TiO, do not exist within tens of km of the
nominal landing site (Blewett et al., 1997). Either Luna 24 did not land where it
was reported to have landed, or the basalts collected are representative of only a
very small area surrounded by basalts with higher titanium that were not collected
and thus not dated. However, according to Wilhelms (1987), Mare Crisium is strati-
graphically amongst the most uniform, and therefore we consider the 3.22 Gyr age
to be correlated with the typical crater density of southern Mare Crisium (Table VI).

6.5. ERATOSTHENIAN PERIOD

6.5.1. Age of Apollo 12 Basalt Surface

On the basis of chemical and isotopic characteristics, the collection of more than
40 mare basalt rocks from the Apollo 12 landing site represent three numerically
subequal groups (olivine basalts, pigeonite basalts, and ilmenite basalts, and a sin-
gle fragment of a fourth group (feldspathic basalt) (Neal ez al., 1994). The ilmenite
and pigeonite basalt groups have very similar ages (3.15 — 3.17 Gyr), with the
olivine basalts and the feldspathic basalt being perhaps slightly older (3.22 Gyr;
Table V). This is consistent with stratigraphic relationships, where the ilmenite
basalts are the only type found around the smaller craters, and the pigeonite and
olivine basalts required excavation from larger craters (Surveyor, 200 m diameter
and Middle Crescent, 400 m diameter). This would indicate that the ilmenite basalt
is about 40 m thick (Rhodes et al., 1977).

The overlapping ejecta blankets at the landing site make sample provenance and
the relationships with the remotely-sensed data somewhat uncertain. On the basis
of Dr, Soderblom and Lebofsky (1972) suggested that there were two surface units
in the area, the older of which is at the landing site and the younger exposed about
a kilometer away. The crater density measurements are presumably an average of
these two units. However, Wilhelms confusingly states also that two units were
included in crater density counts and that the younger one is at the landing site.
There is some inconsistency in the use of crater density in plots of this site, even
by the same author group; for instance, most of the Neukum papers show that the
Apollo 12 landing area measured has a higher crater density than the Apollo 15
landing site, but in Neukum and Wise (1976) and Neukum (1977) and in Wilhelms
(1987) which reports to use Neukum data, a lower density is used for the Apollo 12
landing site in crater density/age diagrams. The data for Apollo 12 (e.g., Neukum
et al., 1975) show an unusual kink at the critical point around 1-2 km sizes, devi-
ating from a standard calibration. Possibly some secondary craters have not been
identified and the actual count is indeed lower for Apollo 12 than for Apollo 15.
We suggest that the interpolated lower count correlates with the surface basalt age
of 3.15 Gyr (Table VI).
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6.6. COPERNICAN PERIOD

6.6.1. Age of Autolycus and Aristillus
Early geologic analysis showed that a ray from either of the craters Aristillus or the
older but nearer Autolycus crossed the Apollo 15 site and deposited exotic material.
KREEP basalt fragments with an original crystallization age of ~3.84 Gyr were
shocked and thermally heated, and in one case shock-melted, at 2.1 Gyr (Ryder
et al., 1991). Autolycus lies in the Apennine Bench Formation, correlated with
Apollo 15 KREEP basalts (Spudis, 1978) and is expected to contribute more mate-
rial to this site than Aristillus, which would mainly supply mare basalt fragments.
Seemingly, Autolycus formed at 2.1 Gyr (Table VI). If so, and assuming that Au-
tolycus is Copernican, then that Period commenced earlier than Copernicus itself,
which is less than 1 Gyr old. However, Autolycus is one of the most degraded
Copernican craters due to the later Aristillus ejecta, and crater density measure-
ments have not been made, although D; measurements (180 £ 20) suggest that it
is very close to the Copernican-Eratosthenian boundary (Wilhelms, 1987).
Although an age of ~1.3 Gyr has been found for the stratigraphically younger
Aristillus crater on the basis of the age of a 1m-block of KREEP impact melt on
the Apennine Front (sample 15405; Bernatowicz et al., 1978), this correlation is
unreliable. More likely, sample 15405 is of a more local origin.

6.6.2. Age of Copernicus

The Apollo 12 mare site is heavily contaminated with KREEP materials, although
the nearest non-mare outcrops are about 25 km away. Rays from Copernicus cross
the landing site, and Meyer et al. (1971) suggested that KREEP glass in the samples
was produced and ejected by the Copernicus event and thus could be used to date it.
Subsequent “°Ar-> Ar dating of such materials suggested appreciable degassing at
about 800 Myr (Eberhardt et al., 1973; Alexander et al., 1976). U, Th-Pb data also
yielded an age of 850 & 100 Myr for regolith disturbance (Silver, 1971). Bogard et
al. (1994) found that a granite fragment encased in KREEP glass had been almost
completely degassed at 800 & 15 Myr. These ages are all from samples 12032 and
12033, the most immature and most KREEP rich regolith samples, which were
probably both collected at Head Crater (Korotev et al., 2000).

The 800 & 15 Myr age is widely accepted as that of Copernicus (Table VI). If
the dated samples are from Copernicus’ rays, then this age is correct. However, not
all of the KREEP at the site can be from Copernicus, even in a concentrate in a
ray, and most of it may have arrived by other means (Korotev et al., 2000; Jolliff
et al., 2000a). The dated samples are all from a restricted site (Head Crater) and
the ropy glass is not found elsewhere, whereas a ray as seen from orbit might
distribute materials more widely. In addition, Copernicus itself does not seem to
have excavated mainly KREEP materials, although KREEP might have been an
early, shallow ejected spray phase. With these caveats, either the age of Copernicus
is well-defined at 800 & 15 Myr, or it is known only to be younger than ~2 Gyr.



44 STOFFLER AND RYDER

6.6.3. Age of Tycho

The dating of the crater Tycho (diameter: 98 km) rests partly on the inference that
a landslide on the slope of the South Massif (Apollo 17) was triggered by ejecta of
Tycho, which is about 2200 km away. The exposure age near 0.1 Gyr of landslide
material then represents the age of Tycho (Wolfe et al., 1975; Arvidson et al.,
1976; Lucchitta, 1977; Drozd et al., 1977). The “Central Cluster” craters at the
Apollo 17 site also show an exposure age of about 0.1 Gyr, and were interpreted
as secondary craters of Tycho (Wolfe et al., 1975; Lucchitta, 1977). Thus, Drozd
et al. (1977) proposed an age for Tycho of 109 &+ 4 Myr (Table VI). However, the
geological evidences for the South Massif landslide and the Central Cluster craters
being formed by distal ejecta from Tycho are equivocal to some degree.

6.6.4. Ages of Cone, North Ray, and South Ray Craters

These young Copernican craters are of prime interest among all other young craters
which have been dated on the basis of cosmic ray exposure ages because (1) sam-
ples collected from their ejecta deposits provide the basis for the age determination
of the Nectaris and the Imbrium basins (see Sections 6.2 and 6.3) and (2) crater
frequency data measured on their ejecta blankets are available (Moore et al., 1980;
Table VI). According to the exposure age data (Drozd et al., 1977; Stadermann et
al., 1991; Drozd et al., 1974; Eugster, 1999) the ages of Cone crater (Apollo 14
landing site) and of North Ray and South Ray craters (Apollo 16 landing site) are
25.1 &+ 1.2 Myr, 50.3 + 0.8 Myr and 2.0 &+ 0.2 Myr, respectively (Table VI).

7. Cratering Rates in Lunar History: Implications for the Terrestrial Planets

We have presented the most recent determinations of the absolute ages of dat-
able lunar surface formations, and measurements of the cumulative frequency of
superimposed impact craters are available for them. These age data, the crater
frequencies, and the widely used parameter of crater degradation (Dy ) are summa-
rized in Table VI. We derive revised calibration curves for the crater retention ages
of lunar surfaces of varied age ranging from about 4 Gyr to the present (Figure 11
and 12; see also Neukum et al., 2001). As recognized very early in the Apollo
lunar science program (e.g., Hartmann, 1970; Soderblom and Lebofsky, 1972) such
calibration curves are of fundamental importance for (1) determining the cratering
rate in the Earth-moon system as a function of time, (2) establishing an absolute
lunar stratigraphy, and (3) providing a standard reference curve for stratigraphic
time applicable for other planetary bodies of the inner solar system.

Previous calibration curves for the lunar cratering rate and the absolute crater
retention ages (Hartmann, 1972; Soderblom and Lebofsky, 1972; Neukum er al.,
1975; Neukum and Konig, 1976; Hartmann et al., 1981; Neukum and Ivanov,
1994) are based on a similar set of ages derived for specific surface areas from
isotope ages of lunar samples and were reproduced in many reference books such
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Figure 11. Cumulative crater frequencies for craters >1 km/km? as a function of lunar surface ages
from Table VI in linear (upper panel) and logarithmic (lower panel) scale; for some impact basins
alternative ages are given according to sets a and b of Table VI.

as Taylor (1982), Wilhelms (1987), and Heiken et al. (1991) and have been widely
and sometimes uncritically accepted by the planetary science community.
During the evaluation of the presently available data base (see Sections 2, and

4 to 6) it became evident that there are several problems with previously used age
calibration curves of the lunar crater frequency data (relative crater retention ages)
from which absolute crater retention ages have been derived for lunar surface units
of unknown age. The problems relate to the following:

1. The definition of coeval surface units for a specific set of crater counts.

2. Incorrect derivation of mare surface ages from ranges of mare basalt ages.

3. The use of outdated or even incorrect absolute ages (including incorrect uncer-

tainties) of surface units based on wrong interpretations of lunar rock ages.
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Figure 12. Crater degradation parameter Dy , defined in Section 2.2, as a function of the age of dated
lunar surfaces (see Table VI; alternative ages for some impact basins from sets a and b of Table VI).

4. Incorrect ages of multi-ring basins including incorrect uncertainties.

5. The unsubstantiated assignment of an absolute age of > 4.3 to terrains of oldest
lunar crust (“ancient highland”, “lunar uplands”) displaying the highest values
for measured crater frequencies.

For some of these issues or open questions we present solutions or suggestions;
some others remain open or at least disputable. We propose new best estimates for
ages of mare surfaces at the Apollo and Luna landing sites and uncertainties for
these ages which are lower than the 1-o errors used in previous calibration curves
by the Basaltic Volcanism Study Project (Hartmann et al., 1981) and by Neukum
and Ivanov (1994): 3.75+0.01 Gyr (Apollo 17), 3.80 +0.02 Gyr (Apollo 11 older
surface unit), 3.58 &+ 0.01 Gyr (Apollo 11 younger surface unit), 3.41 £ 0.04 Gyr
(Luna 16), 3.30 £ 0.02 Gyr (Apollo 15), 3.22 £ 0.02 Gyr (Luna 24), and 3.15 £
0.04 Gyr (Apollo 12). These data and the corresponding values used previously are
given in Tables V and VI and used for the Figures 11 and 12.

For the ages of multi-ring basins of the Nectarian and Imbrian Systems, Sec-
tion 6 gives arguments for two differing data sets that may be used in parallel
for the calibration curve until better data become available (Table VI, Figures 11
and 12). The different ages proposed for Imbrium (3.85 Gyr vs. 3.77 Gyr), for
Nectaris (ranging from 3.92 Gyr to 3.85 Gyr), as well as for Crisium and Seren-
itatis do in fact not dramatically influence the shape of the calibration curves.
However, the deletion of old outdated ages and of non-justified errors (Hartmann
et al., 1981; Neukum and Ivanov, 1994) for the Nectaris basins (4.1 £ 0.1 Gyr),
the Descartes Formation (3.90 & 0.1 Gyr), the Imbrium basin and the Fra Mauro
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Formations (3.91 & 0.1 Gyr) effects the curves, as do in addition discarding very
old ages for the pre-Nectarian highlands such as the specific age of 4.35 £ 0.1
Gyr for the “ancient highlands” (Neukum and Ivanov, 1994) and the age ranges of
4.0—4.4 Gyr and 4.35—4.55 Gyr for the “most densely cratered province” and the
“uplands” (Hartmann et al., 1981). For these old ages no firm geologic evidence
combined with any clear isotope data basis exists.

For the ages of Eratosthenian and Copernican craters and the related ejecta
blankets appreciable uncertainties remain. Although some of the youngest ages are
well constrained (Cone, North Ray and South Ray craters), in other cases geologi-
cal interpretation is uncertain or equivocal (Autolycus, Copernicus, and Tycho).

We suggest that the improved data base presented in this paper should be im-
plemented into the absolute age calibration for the lunar cratering rate as shown
in Figures 11 and 12. This affects also all calibration curves for other terrestrial
planets (see original curves in Hartmann et al., 1981, Figures 8.6.1 to 8.6.5 as
reprinted in Taylor, 1982, p. 105, and in Neukum and Ivanov, 1994, Figure 16).
The calibration curve published in the Lunar Sourcebook (Heiken et al., 1991;
Figure 4.15) contains large errors (e.g., the data points for .24, A14 and A16 are
wrong) and, hence, misleads by suggesting large uncertainties for the determination
of absolute crater retention ages of lunar surfaces. For example, for a surface with
10~* craters >4 km/km? the minimum and maximum values for its age differ by
some 1.7 Gyr compared to about 0.9 Gyr read from our revised calibration. For an
area with 5x10™* craters >4 km/km?’ the corresponding value drops from about
0.55 Gyr to some 0.15 Gyr. This problem holds similarly with the lunar standard
curve of Hartmann ef al. (1981, Figure 8.6.1) but somewhat less with Neukum and
Ivanov’s (1994) curve because it contains the correct value for Luna 24 and smaller
uncertainties for Apollo 16 and 14 than Heiken er al. (1991).

Our recommended new calibration curve (Figures 11 and 12) for the lunar
cratering rate as a function of time is better constrained, with small uncertainties
in the age range from about 4.0 to 3.0 Gyr corresponding to cumulative crater
frequencies of ~1.5x107! craters >1 km/km? to ~2x 1073 craters >1 km/km’.
However, major uncertainties still exist for the pre-Nectarian Period (24 Gyr) and
for the Eratosthenian and Copernican Periods (<3 Gyr). The steepness of the cali-
bration curve older than ~3.75 Gyr, the possibility that the pre-Nectarian surfaces
for which crater counts exist (Table I'V; Figure 5), may not be older than 4.2 Gyr
(Wilhelms, 1987), and the fact that impact melt lithologies older than 4.15 Gyr are
lacking, indicate that the cratering rate may not smoothly increase according to
the present calibration curve from 3.75 Gyr up to the time of the formation of the
moon. This would be incompatible with the accretion rates required for the size of
the moon (Ryder, 1990a). These observations at least mean that the cratering rate
between 4.5 and 4.0 Gyr is not known and that there is still room for speculations
about a possible late lunar cataclysm (Tera et al., 1974; Ryder, 1990a; Hartmann et
al., 2000; Cohen et al., 2000).
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The cratering rates for the Eratosthenian and Copernican Periods are also not
sufficiently well constrained because reliable absolute ages for surfaces formed
between 3 Gyr and 1 Gyr are conspicuously lacking. In spite of the uncertain
ages of the craters Autolycus and Copernicus, the tentative figures for their ages
are largely compatible with a steady state and constant cratering flux since about
3 Gyr although the data for Copernicus (Figures 11 and 12) may indicate a slightly
increased flux in the past 1 Gyr. Culler et al. (2000) have confirmed this recently
by the non-uniform distribution of *°Ar-*° Ar-ages of 155 glass spherules collected
from the Apollo 14 regolith (Culler et al., 2000). They suggest that the cratering
rate decreased since about 3.5 Gyr by a factor of 2 to 3 to a minimum value at
about 0.5 — 0.6 Gyr and increased by a factor of 3.7 £ 1.2 in the past 0.4 Gyr in
accordance with data for terrestrial craters (Grieve and Shoemaker, 1994) and as-
tronomical constraints (Shoemaker et al., 1994). Such changes in the post-Imbrian
cratering flux of the Earth-moon system (Ryder, 2000; Horz, 2000; Muller er al.,
2000) have important implications for the chronostratigraphy of Mars and other
terrestrial planets. However, in terms of the fundamental task to improve the lunar
standard reference for the cratering flux in the inner solar system, new sample
return missions to Eratosthenian and Copernican regions of the moon are needed.
They may be given a priority as high as sample return missions to Mars.
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Abstract. The well investigated size-frequency distributions (SFD) for lunar craters is used to
estimate the SFD for projectiles which formed craters on terrestrial planets and on asteroids. The
result shows the relative stability of these distributions during the past 4 Gyr. The derived projectile
size-frequency distribution is found to be very close to the size-frequency distribution of Main-
Belt asteroids as compared with the recent Spacewatch asteroid data and astronomical observations
(Palomar-Leiden survey, IRAS data) as well as data from close-up imagery by space missions. It
means that asteroids (or, more generally, collisionally evolved bodies) are the main component of the
impactor family. Lunar crater chronology models of the authors published elsewhere are reviewed
and refined by making use of refinements in the interpretation of radiometric ages and the improved
lunar SFD. In this way, a unified cratering chronology model is established which can be used as a
safe basis for modeling the impact chronology of other terrestrial planets, especially Mars.

1. Introduction

Several decades of lunar exploration allowed accumulation of enough data to present
an approximate lunar chronology based on the ages of returned samples. The study
of the size-frequency distribution (SFD) of lunar impact craters forms a solid basis
to show the relative stability of the SFD shape from the time of the late heavy
bombardment. The process of crater formation is still going on. Impact craters
yield footprints of small body evolution and Solar System chronology.

Planetary cratering records show a picture of bombardment integrated through
the whole geologic lifetime of the surfaces studied. Astronomical observations give
a snapshot of the small body population. Planetary geologists can compare surfaces
of various ages on different planets to reveal spatial and temporal variations of the
crater-forming projectile flux.

To compare impact crater SFDs on different planets one needs to take into
account many factors such as gravity, atmosphere, crustal strength, density and
structure of these bodies, as well as differences in the projectile flux, size-frequency
distribution and impact velocity spectrum. This problem has been under investiga-
tion for a long time. Comprehensive discussions may be found in, e.g., Hartmann
et al. (1981), Hartmann (1977), Neukum (1983), and Strom and Neukum (1988).

k“ Chronology and Evolution of Mars 96 55-86, 2001.
‘~ © 2001 Kluwer Academic Publishers.
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The goals of the present paper are:
— to review the lunar impact crater production function (PF);
— to refine the lunar cratering chronology and establish a safe basis for conver-
sion to other terrestrial planets, especially Mars;
~ to estimate the size-frequency distribution (SFD) for the projectiles corre-
sponding to the lunar PF;
— to compare the impact crater SFD of the terrestrial planets;
— to compare the crater-forming body (“projectile””) SFD with the asteroid SFD
for the Main Belt and planet-crossing asteroids.
The discussion of the topics listed above is important for the following discussion
of the Mars/moon cratering rate comparison. Our basic approach is to establish
a refined lunar cratering chronology and to determine the production function, or
size distribution, of craters on Mars by using data from other planetary bodies.

2. Lunar Production Function

Despite several decades of studies of the Solar System cratering record, the discus-
sion of the “exact” form of the size-frequency distribution of impact craters created
on a fresh geologic unite (i.e. totally rejuvenated at the beginning of cratering with
no further obliteration of craters) is far from a final answer. Partially it is the conse-
quence of the simple fact that it is very hard to find enough large “fresh” surfaces
— in most situations planetary surfaces have a complex geologic history with si-
multaneous crater accumulation and degradation (e.g., Hartmann, 1995). However,
some general conclusions have been drawn. Below we compare two independent
studies of the production SFD named “Hartmann’s SFD” and ‘“Neukum’s SFD”
along with names and results of the main proponents of important contributions to
the issue of extracting the lunar SFD from various studies.

2.1. EARLY HISTORY

Crater counts. In the earliest research on the lunar crater size-frequency distri-
butions, statistics were available only for the largest lunar craters resolvable from
Earth, i.e., D > 2 km. The best statistics were for the range 4 km < D < 100 km,
which give relatively straight lines on plots of logN (no. of craters per km?) vs.
log D. The earliest numerical study appears to have been that of Young (1940) who
gave a value for the slope of this line as —2.5. Similarly, Brown (1960) analyzed
the earliest crude data on log-log asteroid and meteorite size distribution, and fit
straight lines to his data sets. These straight lines on plots of logN vs. log D are
power laws, and thus the earliest literature introduced the idea that power laws gave
good fits to the cratering data.

Hartmann (1964) used newly measured catalogs of lunar crater diameters to
analyze the significance of the size distribution. Citing the work of Young (1940)
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and Brown (1960), he fit a slope of —2.1 to the log N vs. log D plot. Hartmann
has consistently used log incremental plots where N = incremental number of
craters in diameter bins of constant log D, and has emphasized the mathematical
convenience that this plot gives the same slope as a plot of the cumulative number
of craters larger than D. Hartmann (1964) also pointed out that Brown’s aster-
oid/meteorite size distribution curve could be used to predict a power-law lunar
crater diameter distribution with cumulative or log incremental slope of—2.4 on
the log N vs. log D cumulative or log incremental plot, in fair agreement with the
lunar data. Hartmann used this agreement to make an early argument that the lunar
craters were created by asteroid/meteorite impact.

At the same time, Hartmann (1965) was able to use newly discovered impact
craters on the Canadian shield to estimate the terrestrial/lunar crater production rate
and use this to predict that the average lunar mare age would be 3 Gyr. This turned
out to be almost exactly correct, giving some confidence to the overall procedure.

To a large extent, it was historical precedent and the limited D range of the
early data sets that led to the choice of fitting early data to power law diameter
distributions (Young, 1940; Hawkins, 1960; Hartmann, 1964). Note that the power
law size distribution has the form

N =kD™".

N can be understood as either the cumulative number of craters of diameter> D, or
Hartmann’s log incremental number of craters in a logarithmic diameter bin (such
as 1 — 1.4 km, 1.4 — 2 km, 2 — 2.8 km, etc.). In this formulation, k is a constant
depending on which definition of N is used, and b is the power law exponent, or
slope of the log Nvs. log D plot, and is the same for either definition of N. The plot
of log N (either cumulative or log-incremental) vs logD gives a straight line

logN = —blog D + logk

Note that all the papers discussed above were published before the discovery of
the steep (so-called “secondary crater”) branch in the distribution at smaller size
(by the Ranger VII lunar impact probe in the summer of 1964), or the discovery of
crater populations outside the Earth-moon system (by the Mariner IV Mars fly-by
probe in the summer of 1965). Thus, at the time this convention was adopted, the
sharp upward turn into a steep branch at D < 2 km was not known.

Catastrophic Collision Physics. The use of power laws in cratering and asteroid
fragmentation work was extended into a more theoretical realm when Hartmann
(1969) showed experimentally and empirically that power law segments gave good
fits, often over two to three orders of magnitude in diameter, to size distribu-
tions of fragments in systems such as fractured basalt blocks, gravel in a dry
streambed, rocks blown out of volcanic craters, and lunar rocks. Hawkins (1960)
as well as earlier literature on mineral grinding cited by Hawkins (Gaudin, 1944)
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also suggested that the power law slope, —b, was lower (shallower on the plots)
when fragments were produced from bodies broken in low energy-density events,
and higher (steeper slope) for systems produced by repeated grinding or high
energy density. The quantitative match between the steep slope of debris from
high energy cratering events and secondary debris blown out of lunar craters sup-
ported Shoemaker’s conclusion that the “secondary” steep branch of lunar craters
(D < 2 km) was produced by rocks blown out of craters, which Shoemaker as-
sumed were the large lunar craters themselves. However, early counts (Neukum
et al., 1975; Neukum, 1983; Konig, 1977) and more recent work of Neukum and
Ivanov (1994) suggest that many or most of the projectiles causing the presumed
lunar secondary craters stem from collisional processes and the resulting products
(fragments) in the asteroid belt, as part of the primary production function of the
impactors from outside the moon, rather than debris ejected from lunar craters.
The early work of Kénig et al. (1977) and more recent laboratory experimental
work suggest that the fragments from collisional breakup and cratering events can
have more complex size distributions than single power laws, being fitted by sev-
eral power law segments or by a more complex curve, especially if the diameter
distribution is traced over several orders of magnitude (e.g., Durdaer al., 1998).

Non-power Law Approach. Therefore, starting in the 1970s and refined in the
1980s, Neukum and coworkers took two new steps. Given the three proposed “seg-
ments” of the production function, Neukum abandoned the fitting of straight-line
power law segments on the log-log plots, and simply fitted a polynomial curve to
the data, giving a somewhat S-shaped curve that fit the data. In some ways this
procedure is more scientifically neutral or defensible than using power laws, since
a polynomial can fit any curve, while there is no a priori guarantee that a power
law gives the best fit. Second, applying the polynomial fits, Neukum compared
branches of the size distribution from different sources, and constructed a univer-
sal polynomial production function size distribution that appeared to represent the
initial or “input” size distribution of craters on a wide variety of surfaces, from the
moon to asteroids and other bodies.

The shape of this SFD was also studied with respect to its stability through time
and found to be invariant within the error limits of measurements (Neukumet al.,
1975; Neukum, 1983; Neukum and Ivanov, 1994).

Given this background, our goal in this and the accompanying papers is to find
a satisfactory degree of consistency between the hitherto independent approaches
in order to derive isochrons and measure the approximate ages of Martian surface
features, and compare them with radiometric ages of Martian meteorites.

2.2. HARTMANN’S PRODUCTION FUNCTION — HPF

Hartmann uses an log-incremental SFD representation with a standard diameter bin
size. The number of craters per km™2 here is calculated for craters in the diameter
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Figure 1. Hartmann’s production function (HPF). Ny is the number of craters on an “average”
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branch of the HPF for D < 2 km (4). See the discussion in the text and in Figure 8.
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bin D; < D < Dg, where D; and Dg are the left and right bin boundary and the
standard bin width is Dr/ Dy = +/2 .

The tabulated HPF is an assemblage of data selected by Hartmann to present the
production function for one specific moment of time — the average time of lunar
mare surface formation. Here the condition to have a fresh surface is satisfied with
the fact that most lunar mare basalt samples have a narrow band of ages grouping
around 3.2 to 3.5 Gyr (Stoffler and Ryder, 2001), which restricts the lunar maria
age to a narrow range of ages of a factor of 1.1.

As the tabulated HPF is the result of some averaging of individual crater counts
in different areas, it should be treated as a relatively reliable model approach to the
PF construction.

Hartmann (1999) propose to approximate the tabulated HPF in the form of a
piece-wise three-segment power law:

log Ny = —2.616 —3.82log Dy, D < 1.41 km
logNg = —2.920 — 1.80log D, 1.41 km < Dy < 64 km (D)
log Ny = —2.198 —2.20log Dy, Dy > 64 km

This production function (named below HPF = Hartmann’s production func-
tion) is compared in Figure 1 with the “best” averaged estimates of the crater
density at an “average” mare. Note that in this set of equations the independent
variable Dy is the left boundary of the diameter interval, while the data are plotted



60 NEUKUM ET AL.

against the diameter interval geometric mean D = /Dy Dg). Ny gives the number
of craters in each ~/2D diameter bin.

2.3. NEUKUM’S PRODUCTION FUNCTION — NPF

Neukum in a series of publications — see the best summary by Neukum (1983),
and a reworked version by Neukum and Ivanov (1994) — proposed an analytical
function to describe the cumulative number of craters with diameters larger than
a given diameter D per unit area. The function was constructed from pieces of
impact crater SFD data in different areas of various ages.

Neukum showed that in the diameter accessible for counting craters and for all
epochs of lunar history manifested in different geologic units on the moon, the
PF had been stable from Nectarian to Copernican times, i.e. practically from more
than 4 Gyr ago until now. However, not all diameter ranges for different ages on
the moon are accessible, e.g. craters larger than 10 km in diameter do not exist
on young areas in statistically significant numbers or craters < 1 km cannot be
counted for PF determination on old areas because of erosion and saturation. On the
other hand if there is no meaningful application for the moon in the non-accessible
diameter ranges and since the smooth piece-wise fit suggested a continuation of
the curve characteristics, Neukum’s production function assumes a constant shape
of the production SFD during all lunar history.

In contrast to piece-wise exponential equations for an incremental SFD, Neukum
used a polynomial fit to the cumulative number of craters, N, per km? with diame-
ters larger than a given value D.

In Figure 2 the NPF is given in comparison with power-law distributions found
in the literature. It can be seen that the power-law representations of the lunar
PF are average descriptions of the real behaviour as represented in much closer
approximation by the NPF.

For the time period of 1 Gyr, N(D) may be expressed (Neukum, 1983) as:

11 .

logo(N) = "a; x [log;o(D)Y )

j=0

where D is in km, N is the number of craters per km® per Gyr, and the coefficients
a; are given in Table L. Equation (2) is valid for D from 0.01 km to 300 km.

More recently NPF was slightly reworked in the largest-crater part by care-
ful remeasuring in the size range (Ivanov er al., 1999). “Old” (Neukum, 1983)
and “new” (Ivanov et al., 1999, 2000) coefficients are discussed below. The time
dependence of the ay-coefficient is discussed in the following subsection.

A similar equation is used here to present the projectile SFD derived below.
Coefficients for this projectile SFD are also listed in Table I. In the projectile
SFED column the first coefficient ay has been set to zero for simplicity. This coef-
ficient determines the absolute number of projectiles. The absolute value ofa, for
projectiles may be found by fitting to observational data (see Figures 17 and 18).
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Figure 2. Comparison of the NPF with power-law distributions published in the literature: 1 —
N ~ D~29 (Shoemaker ef al., 1970); 2 - N ~ D~29 (Hartmann, 1971); 3- N ~ D~!8 (Baldwin,
1971; Hartmann et al., 1981).

Other representations of the size-frequency distribution will be used below:
— the differential distribution: d N/d D;
— the R-distribution: R = D3 x dN/dD.

The differential distribution is, in practice, the number of craters N in the
diameter range from D to D + 8D, divide by the bin width, §D. As we have an
analytical representation of N (D), we can simply differentiate Equation (2):

dN N & -
5= X2 X [log,o(D)) ! 3)

j=1
where N is expressed by Equation (2).

Note: mathematically the derivative d N /d D is negative, since N(D) is a de-
creasing function. However, for practical purposes,d N /d D should be the number
of craters per unit interval of diameter, so it should have a positive value. Below
we use the convention that d N /d D is positive and equal to the absolute value of
that given by Equation (2). The function N (D) is close to a power-law D? where
b is in the range from —4 to —1.5. Consequently d N/d D is also close to a power-
law with the index (b — 1). It is not very convenient for graphical presentation,
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TABLE I
Coefficients in Equation (2)

Coefficient “Old” N(D) (1983) “New” N(D) (1999) R(D) for projectiles

(Neukum, 1983) (Ivanov et al.,2000)  (Ivanov et al., 2000)
ag —3.0768 —3.0876 0
ai —~3.6269 —3.557528 +1.375458
@ +0.4366 +0.781027 +1.272521 x 107!
a3 +0.7935 +1.021521 —1.282166
n +0.0865 —0.156012 —3.074558 x 107!
as —0.2649 —0.444058 +4.149280 x 107!
ag —0.0664 +0.019977 +1.910668 x 107!
a7 +0.0379 +0.086850 —4.260980 x 1072
ag +0.0106 —0.005874 —3.976305 x 1072
ag —0.0022 —0.006809 ~3.180179 x 1073
a —5.18 x 1074 +8.25 x 107* +2.799369 x 1073
ary +3.97 x 107 +5.54 x 107 +6.892223 x 104
aro - - +2.614385 x 1070
an - - —1.416178 x 107
aja - - —1.191124 x 107

as N may vary over many orders of magnitude for the range of crater diameters
of interest. To avoid this inconvenience one may use the so-called R-distribution,
which is simply d N /d D multiplied by D? (cf. Arvidson et al., 1978):

_ 3y AN
R(D)=D x o5 4)

If dN/dD is proportional to D2, then R(D) is a constant; if dN /d D is pro-
portional to D=2, then R(D) is proportional to D; if dN/dD is proportional to
D~*, then R(D) is proportional to D, etc.

The same equations may be used to describe the size-frequency distribution of
projectiles. Below we express projectile dimensions via the projectile diameterDyp.
One may use Equations (2) — (4) for projectiles, changing D into Dp.

2.4. NPF UPDATING

The new count of 6700 lunar impact craters in an area of 7.8 x 10°> km? rejuvenated
by the Orientale impact allows us to re-estimate the size-frequency distribution for
the large-crater part (Ivanov et al., 1999, 2000). The curve again is approximated
by an 11th degree polynomial for 100 m < D < 200 km (Figure 3). “New” coef-
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bars (2), and the “corrected” (“new”) calibration curve (3). For D < 2 km and D > 20 km the “new
curve” has the same shape as the “old” one.

0.1 /

Mendeleev 7 5’// ‘ k
@ L % 7 %(\
0.01

QOrientale

£

0.001 | A | L Ll | I
1 10 100 1000
D, km

Figure 4. SFD analytical fit to counts on Imbrian, Nectarian and pre-Nectarian (highlands) geological
units.

ficients in Equation (2) are listed in Table I in comparison with “old” coefficients
from Neukum (1983).

Figure 4 illustrates the new Orientale counts and the crater SFD fit to these
data and to the typical highland counts near the Tsiolkovsky area, on the farside,
published by Ronca ef al. (1981) and other highland counts by Neukum (1983)
and for a Nectarian aged geological unit (Mendeleev) by Neukum (1977). Most of
the craters were formed > 3 Gyr ago, so the question remains how the projectile
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Figure 5. Left: Mare Imbrium counts. Righr: Mare Crisium crater counts. (Data from Hartmann et
al., 1981).

population has evolved since the Orientale formation time. The problem of the
stability in time of the production SFD for lunar craters has been under discussion
for many years (e.g., Strom, 1977; Hartmann, 1984; Strom and Neukum, 1988;
Neukum and Ivanov, 1994). Here we show the selected examples of lunar SFD
distributions of various ages to illustrate the main features of the non-power-law
SFD. Figure 5 illustrates published crater counts for Mare Imbrium and Mare
Crisium in comparison with the proposed standard distribution.

While the obvious misfits of some counts should be discussed separately (see,
for example, the discussion of a possible resurfacing by Hartmann, 1995), the im-
portant finding is the presence of a definitive R-minimum in the R-plots. Therefore,
the general deviation of the mare crater SFD from a simple power law is well
illustrated by individual crater counts. It seems that the suggested “flattening” of
the “average mare” crater SFD is the result of the averaging of individual crater
counts for separate areas. It is difficult to find a contiguous large geological unit
much younger than the mare on the Moon. The recent Galileo and Clementine
imaging data, however, allow us to estimate the SFD of rayed (Copernican) craters
(McEwen et al., 1993; 1997). Figure 6 left compares the SFD for farside rayed
craters (McEwen et al., 1997) with crater counts for Copernicus itself — see “old”
counts by Hartmann et al. (1981), and “new” counts by Neukum cited by McEwen
et al. (1993).

The non-power-law curve well approximates the size-frequency distribution for
craters with an age of 1.5 Gyr (Neukum’s dating in McEwen ef al., 1993), con-
firming the presence of the R-minimum at a crater diameter of 6 km (projectile
diameter of 0.5 km). The presence of a steep branch of the lunar crater SFD for
younger surfaces is confirmed by the crater count for Aristarchus (Figure 6 right).

To summarize the lunar production function examples Figure 7 compares the
cumulative N (D) curves (1) for the old Orientale basin, (2) — Erathosthenes crater
and Eratostenian (and younger) craters (dated according to Wilhelms et al., 1987),
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Figure 6. Left: The SFD for farside rayed craters (McEwen et al., 1997) with crater counts for
Copernicus itself in comparison with data for older areas. Right: The crater count for Aristarchus.
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Figure 7. a) The cumulative N(D) curves (1) for the Orientale basin, (2) for Erathosthenes and
Eratostenian (and younger) craters (dated according to Wilhelms et al., 1987), and (3) the popula-
tion of rayed (Copernican) craters (after Moore and McEwen, 1996 and McEwen et «l., 1997) and
Copernicus itself. b) Comparison of Orientale and Copernican craters in R-plot.
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and (3) — the younger population of rayed (Copernican) craters (after Moore and
McEwen, 1996, and McEwen ef al., 1997) and Copernicus itself. In Figure 6 left
counts of Orientale and Copernican craters are compared in R-plot. All these three
populations are rather representative for “time slices” of the cratering flux:
— the impact-created Orientale basin erased a large area at the time near the base
of the Imbrian stratigraphic horizon;
— Eratosthenian-aged craters are well dated stratigraphically by Wilhelms;
— rays around craters are believed to have some limited life time, and thus also
mark an approximate “time horizon”.

For all 3 cases the NPF gives a good fit to observed crater counts, provided
that Erathosthenes and Copernicus present the upper range of the correspondingly
named subpopulations. At the time of the Orientale formation the cratering rate
on the moon was roughly 100 times above the present level (Figure 11). Most
Eratosthenian craters were formed with a flux 3 to 5 times above the modern
one. Copernican craters were formed in the last 1 to 1.5 Gyr and reflect the same
cratering flux as we have now. Having the good fit of the NPF to all 3 examined
populations one can safely state that in the accuracy limits the projectile SFD has
not changed dramatically.

2.5. HPF AND NPF COMPARISON

To compare the HPF and NPF functions it is suitable to present both of them in
the R-representation (Equation 4) which allows to reduce the vertical scale and to
clear fine details.

Figure 8 illustrates the HPF and NPF for the well dated Apollo 15 and Luna 24
(Mare Crisium) landing sites (the mare basalt sample’s age is 3.2 Gyr) in compari-
son with the SFD for craters accumulated in the area rejuvenated by the Orientale
basin formation. The NPF gives the fit to the crater counts with a proper assumed
age. The HPF below D = 1 km also fits the observational data. However, above
D > 1 km the HPF goes well above the NPF, meeting again the NPF at crater
diameters D > 40 km. A maximum discrepancy of a factor of 3 between HPF and
NPF is observed in the diameter bins around D = 6 km. Below D = | km and in
the diameter range of 30 to 100 km HPF and NPF give the same or similar results.

The R-plot (Figure 8) shows, that there is moderately good agreement in the
SFD shape between different researches. However the factor of 3 maximum dis-
crepancy needs further investigation. One should be cautions interpreting data on
craters in the diameter range of 2 to 20 km.

2.6. LUNAR CHRONOLOGY AND CRATERING RATE DECAY IN TIME

Most investigators believe that during the last 3 Gyr the cratering projectile flux
was relatively constant with possible variations within a factor of 2. Before 3 Gyr
ago the Planet-Crossing Asteroids (PCA) flux was much higher rapidly decaying
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Figure 8. Comparison of production functions derived by Hartmann (HPF) and Neukum (NPF) in
the R-plot representation. The maximum discrepancy with a factor of 3 between HPF and NPF is
observed in the diameter bins around D = 6 km. Below D = 1 km and in the diameter range of 30
to 100 km HPF and NPF give the same or similar results.

1 — the NPF fit to crater counts for the Apollo 15 (triangles). Filled triangles — crater counts by
Neukum (1983), open triangles — crater count data from Hartmann er al. (1981).

2 — the NPF fit to the steep brunch of HPF. Equation (5) gives the model time estimate of 3.6 Gyr for
the “average mare” Hartmann’s approximation.

3 — the NPF fit to the new wide range count of impact craters in the Orientale basin. The model age
from Equation (5) is around 3.7 Gyr.

in time. This ancient period is named “late heavy bombardment”. The dating of
lunar rocks in parallel with the crater counts reveals the general character of the
bombardment flux decay (Stoffler and Ryder, 2001).

There have been previously a number of attempts to combine crater frequency
data and radiometric ages determined for the lunar landing sites and for other units
on the moon for which a radiometric age could be derived indirectly from rock
samples at the Apollo landing sites (e.g. for Tycho, sampling at the Apollo 17
landing site). The empirical relationship resulting from this kind of plotting crater
frequency vs. radiometric age is called cratering chronology. The best established
chronology models put forward are those by Hartmann (Basaltic Volcanism Project
— Hartmann er al., 1981, and Neukum, 1983, both displayed in Figure 9). The dis-
crepancy between the two models has been known to be due partly to different data
sets used, but mainly due to differences in PFs used for the data fit. In this paper,
making use of the best currently available data (Stoffler and Ryder, 2001), and
confident interpretations, especially by applying one and the same PF, the models
are unified as shown in Figure 10. It gives the currently best interpretation for the
cratering rate decay and the lunar cratering chronology.
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Neukum (1983) expressed it analytically in the form (also used here)
N(1) =5.44 - 10 "[exp(6.937) — 1]+ 8.38 - 107*T (5)

which relates the number of craters equal to and larger than 1 km in diameter per
km? in an area with the crater accumulation time (crater retention age) T’ in Gyr.
Assuming the constant shape in time of the SFD for projectiles, Equation (5) is
valid for any crater diameter with the proper numerical coefficients.

Figure 10 shows the graphical representation of Equation (5) and demonstrates
that at approximately 4 Gyr age surfaces 95% of all craters were formed between 3
and 4 Gyr ago and only 5% of craters are younger than 3 Gyr. The time-derivative
of the N(T') relationship gives an expression for the cratering rate, d N/dt. The
results is shown in Figure 11. One can see that the cratering rate 4 Gyr ago was
500 times higher than the constant rate during the last 3 Gyr in accord with earlier
models by Hartmann (1970, 1984) and Neukum (1983). This high impact rate
leads to a question about the nature of projectiles responsible for the late heavy
bombardment: asteroids, comets, or left-over planetesimals?

This issue is discussed in the recent review by Hartmann (1999). Here we briefly
outline some points regarding several possible options of interpretation.

The cometary impact flux is believed to have been stable at the same level or
may have smoothly decayed during the last 4 Gyr. The Oort cloud and the Kuiper
belt were populated by comets during the giant planet formation (e.g. Safronov,
1972; Weissman, 1999). The flux of long period (Oort cloud) comets may be mod-
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ulated by galactic tides or a close star passage. For Jupiter family (Kuiper belt)
comets one may assume a flux decay proportional to T ~' (Zahnle eral., 1999)
during the last 4 Gyr. As 95% of craters were formed between 3 and 4 Gyr ago,
where the cratering rate was up to more than a hundred times greater, one might
assume that during the heavy bombardment period a distinct “heavy bombardment
projectile population” existed. The consequence a possible difference in the size
frequency distributions of older and younger craters, created by projectiles with a
different share of comets (Stromet al., 1981; Strom and Neukum, 1988).

If, for example, a contribution of cometary impacts is at a comparable flux level

as the asteroidal one three options can be discussed:

— comets have the same SFD as asteroids;

— the cometary flux changes in time exactly as the flux of asteroids;

— the cometary input is within the errorbars of our crater counts.

Otherwise one should expect the difference in SFD for craters produced at the end
of the heavy bombardment period (Orientale) and in the last 1 Gyr (rayed craters).
The first option is not compatible with cometary SFD estimates by Shoemaker
and Wolfe (1982). The second option is not compatible with the current view of
the cometary dynamics (Weissman, 1999). For these reasons we exploit the third
option here. The real input of comets is an issue for more detailed future studies.

The question is still under discussion and investigation. However recent com-
parative studies of the impact crater SFDs on terrestrial planets show that some
specific features exist (like on the moon) — characteristic deviations from a sim-
ple power law — which may be identified in cratering records for 3.8 Gyr-old
and 0.5 Gyr-old cratering records respectively (Ivanover al., 1999, 2000). The
characteristic deviations from a simple power law corresponds well with similar
deviations in the Main Belt asteroid SFD, where the off-power-law deviations seem
to be controlled by the strength-to-gravity transition in the collisional evolution of
asteroids (e.g., Durda er al., 1998). Hence, the “old” and “young” craters seem to
have been produced by a collisionally well evolved population. This agrees with
the discussion by Hartmann (1995) who presented evidence that the putative “old”
size distribution on the moon is produced by obliteration processes.

The question now is: Are comets collisionally evolved bodies? For Kuiper belt
objects the collisional evolution is possible under specific assumptions for the num-
ber of comets (Davies and Farinella, 1997). Were Oort cloud comets collisionally
evolved before the ejection to the Solar System periphery (Stern and Weissman,
2000)? If comets are collisionally evolved bodies, is their SFD distinct in com-
parison with the SFD for asteroids? To answer these question one needs much
more physical and dynamical studies in the future. In the 20 year old estimates
by Shoemaker and Wolfe (1982) comets were assumed to have a simple power law
SFD dramatically different from what we know about the impact crater SFD on ter-
restrial planets. Weidenschilling (1994) predicted that comets formed as aggregates
of loosely bound 100 m scale bodies, so that even if they are collisionally evolved
by fragmentation, they might have a different SFD than the asteroid population.
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Unfortunately, it is impossible to be sure of the comet SFD or to estimate the real
share of cometary craters in the cratering records on terrestrial planets.

If asteroids where the main kind of projectiles, one should discuss the mecha-
nism of the re-supply of the PCA population. Under the assumption of catastrophic
fragmentation and “direct delivery” to resonant orbits, the rate of the PCA supply
is proportional to the collision rate of main belt asteroids. In this case the PCA
production rate is proportional to the derivative of the Main Belt (MB) asteroid
SFD. Consequently, the PCA SFD is steeper than the MB SFD, and the balance
between PCA extinction and production (and the steady state number) is controlled
by the PCA timelife and the collision rate in the main belt (Rabinowitz, 1997). The
cratering rate in this case may varies if the Main Belt SFD varies in time.

If the chaotic migration is the main delivery mechanism for PCA, the number
of MB asteroids converted to PCA in a given time period is proportional to the MB
population. The gravity-driven chaotic migration acts equally for asteroids of any
size so that the steady-state number of PCA is proportional to the number of bodies
in the “feeding zones” of the Main Belt. Thus, the cratering rate is proportional to
the number of bodies in the main belt at the respective time period.

Most models of the collisional evolution of the Main Belt (Daviser al., 1985;
Durda et al., 1998) predict more or less steady state for the size-frequency dis-
tribution in the Main Belt. The bodies of a given size are periodically destroyed
by catastrophic collisions (and removed from a given size bin) but the collision of
larger bodies produce new fragments (and a part of them adds to the number of
bodies in each size bin). Finally the population approximately is in a steady state.
An example of the time variation of the MB population according to the model by
Durda et al. (1998) is shown in Figure 11. For bodies of 1 km in diameter (the
diameter bin 1km < Dp < 1.41km) the total number in the asteroid belt 3 Gyr ago
was only twice larger than now. Consequently one can assume that the PCA steady
state number and the planetary cratering rate also changed no more than a factor
2. One should note that in the model published by Durdaetal. only collisional
evolution is taken into account while the measurable share of bodies at each time
step should be removed from each size bin via “fast track” and “slow track™ sinks.
The non-collision body remove may change the collision rate and, consequently,
the time scale for the evolution model.

If one assume the proportionality of the PCA and MB asteroid numbers, the
hundreds time larger cratering rate before 3 Gyr automatically predicts the hun-
dred times more populated Main Belt provided the currently operating MB-PCA
delivery rout. In principle the modern theories predict the surface density of mate-
rial in the protoplanet disk 10° to 10* times larger than observed now (Wetherill,
1989; Ruzmaikina et al., 1989). Moreover, the main mass of the main belt is con-
centrated in several largest bodies. Alternatives to the “heavily populated” ancient
MB are a different, than now, mechanism of the MB depopulation between 3
and 4 Gyr ago and/or left-over Ruzmaikina’s planetesimals on long-living orbits
(Hartmann et al., 2001).
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Planetesimals (cometesimals) ejected from the zone of giant planet growth are
discussed as possible “killers” which removed the extra mass from the modern
asteroid belt (Wetherill, 1989; Ruzmaikina et al., 1989; Gil-Hutton and Brunini,
1999). The catastrophic collisions with asteroids in the MB seem to be a good
candidate for explaining the main belt mass decrease. However, this leads to the
assumption of some specific synchronization between the main belt depopulation,
giant planet growth and the formation of the solid crusts on terrestrial planets.
An open question, however, is the respective share of craters on terrestrial planets
formed by fragmented asteroids and by direct impacts of the presumed planetesi-
mals. Planetesimals (cometesimals) seem to have played their role at the very early
stage of the cratering record accumulation, which essentially is not seen on the
surfaces of the terrestrial planets anymore. In the “standard” scenario the late heavy
bombardment projectiles are assumed to be the long-living “left-over” planetesi-
mals of the terrestrial planet formation zone. The recent review by Hartmannet al.
(2001) discuss the planetesimal scenario in greater details.

3. Inter-planetary Comparison

In this section we produce the “theoretical” planetary SFD from the lunar data by
scaling it to other terrestrial planets, and compare it with published measurements
for selected areas on Mercury, Venus, Earth, and Mars. As discussed in more details
by Hartmann (1977) this requires that we derive the average impact velocity for
each planetary body. The scaling law issue is discussed in Ivanov (2001).

3.1. THE PROJECTILE SIZE-FREQUENCY DISTRIBUTION

Average Impact Velocity. Several approaches allow us to estimate the average
impact velocity on Earth.

1. Astronomical catalogs of Earth-crossers (Shoemaker, 1977; Rabinowitzer al.,

1994). These data need to be recalculated from orbital parameters to impact
probabilities and velocities. Shoemaker did this on the basis of Opik’s theory
(Opik, 1966; Shoemaker and Wolfe, 1982). A larger compendium of observa-
tional data may be found in the “astorb.dat” file updated at Lowell Observatory:
http://naic.edu/~nolan/astorb.html.
This file contains orbital osculating elements for>30,000 small bodies includ-
ing a relatively large number of planet-crossing asteroids. These data seem to
have a large observational bias; however we use them to make some statisti-
cally meaningful estimates.

2. A theoretical model by Rabinowitz (1993) who tried to estimate the total (“de-
biased”) population of Earth crossers from observational data. The Opik model
may be used to convert the theoretical prediction of Rabinowitz to impact
velocity and probability data.
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The astronomical approach has a specific disadvantage: the lifetime of observed
orbits is much smaller than the collisional time scale. Within their lifetimes orbits
may evolve significantly (e.g., Milani et al., 1989). So we are forced to apply the
idea of some kind of equilibrium: the exchange of different “cells” of the phase
space of planet crossers (semimajor axis a, eccentricity e and orbit inclination 7)
is in a steady state: if a body with current parametersa, e, i changes the orbit due
to some perturbation or resonant interaction, statistically, another body will change
its orbital parameters into the samea, e, i.

Typically the average velocities are similar for all sources of data, giving some-
what larger velocities for observed meteors and the debiased population of Earth
CIOSSETS.

For other planets we can only use the observed projectile population, and most
estimates here are done with the “astorb.dat” data file (Ivanovet al., 2000, 2001).

Size of Cratering Projectiles. Using scaling laws (Ivanov, 2001) and estimated
impact velocities, one can find the projectile SFD,dN/d Dp, for a given impact-
crater SFD, d N /d D. To simplify the problem in this paper, we test the end-member
hypothesis of a purely asteroidal projectile flux onto the terrestrial planets. Having
such an estimate, we keep open the problem of the cometary impact fraction in
the observed crater population. For the same reason we assume the same projectile
density (2.7 Mgm™) for all estimates. To facilitate the inter-planetary estimates,
the projectile SFD is approximated in the same form as Equations (2) and (3) with
a polynomial of 14" degree valid for projectile diameters from 1 m to 100 km.
The estimates for the largest projectile sizes should be used with caution, as the
source crater SFD in this range is based on the largest lunar basins, all of which
are very old and do not appear in younger crater populations. Moreover, the basin
assignment of a diameter D to a given basin involves interpretation of the origin of
multi-ring structures.

Polynomial coefficients for the R-plot are listed in Table I. The estimated SFD
is used below to produce a model (“lunar analog”) for Mercury, Venus, Earth, and
Mars. The projectile SFD is also compared with the recent data on the main belt
SFD. The obtained projectile SFD is shown graphically in Figures 17— 19.

3.2. CRATERING RECORD ON THE TERRESTRIAL PLANETS

The lunar-based projectile SFD is applied below for terrestrial planets to produce
the “lunar analog” of the crater SFD: the model population created with the same
projectile SFD as for the moon, but with an account for specific impact velocity and
gravity for each planetary body. For an assumed velocity of impact the gravitational
focusing factor must also be taken into account:

8enh = 1 + (Vese/ Uinf)2
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Figure 12. Crater counts for highlands and Caloris mare basin on Mercury in comparison with “lunar
analog” curves. Dashed line show an approximate saturation level after Hartmann (1995).

where gen, is the projectile flux enhancement factor due to the gravitational attrac-
tion to the target body (here ves. and Uy, are the escape velocity and the average
velocity of projectiles “at infinity”).

Mercury. The mare surface in the Caloris basin is one of few areas suitable
for production function measurements of small to intermediate-sized craters on
Mercury. Figure 12 compares direct measurements and calculated SFD (the “lunar
analog”). The good coincidence of these data shows a definite similarity of pro-
jectile SFDs on the Moon and Mercury in the projectile diameter range from 1 to
~100 km with a steep part for smaller craters and the ‘“R-minimum” for craters
with D ~8 km. However, the age of the Caloris basin is comparable to the age of
the Orientale basin.

Venus. Magellan data allow us to compare the lunar data averaged over the last
3 Gyr with a planetary surface of ~0.5 Gyr age. The presence of the atmosphere
may be taken into account using a model of projectile atmospheric passage. A
model and model results for Venus and Titan were presented by Ivanovet al.
(1997). The resulting comparison (Figure 13) shows that Venusian craters were
formed by a projectile population with a similar SFD for D > 10 km (projectile
diameters Dp > 2 km). The R-maximum at D ~50 — 70 km exists both on the
Moon (3 to 4 Gyr) and on Venus (~0.5 Gyr). One can conclude that the corre-
sponding R-maximum in the projectile distribution in the range of Dp ~5 km is
thus stable in time.
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Figure 13. R-plot for the size-frequency distribution of Venusian craters (1) in comparison with
the lunar curve recalculated for Venusian conditions with the Schmidt and Housen (1987) scaling
law and Croft’s (1985) model of the crater collapse. Dashed curves 2 and 3 present two models of
atmospheric disintegration of projectiles after Ivanov et al. (1997).

Earth — Impact Craters. Hartmann (1965, 1966) pointed out that large terrestrial
craters reflect an older population, while smaller craters are continually removed
by erosion, producing an observed SFD that differ from the production function.
The inspection of data for terrestrial North American and European cratons (Grieve
and Shoemaker, 1994) shows that it is possible to distinguish two populations of
craters:

— 8 craters with diameters from 24 to 39 km, the oldest of which is 115 Myr old,
and

— 8 craters with diameters from 55 to 100 km and ages ranging from 214 to
370 Myr.

Adding the average time interval between impacts to the oldest age in each set,
one can estimate the time of accumulation as ~135 Myr and 380 Myr, respec-
tively, for the younger and older populations. For a proper balance between crater
diameter bin width and the number of craters per bin, only two bins for each age
sub-population may be used to represent the crater production rate.

We assume that craters smaller than ~20 km in the younger set and smaller
than ~45 km in the older set are depleted by erosional processes. Figure 16 shows
the incremental plot for these data sets in comparison with their “lunar analogs”
calculated for assumed values of accumulation time and a constant flux (possible
flux variability is discussed by Grieve and Shoemaker (1994), and McEwenet al.,
1997). As an illustrative estimate, the “lunar analog” for the Sudbury age is also
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Figure 14. The differential SFD for terrestrial craters in comparison with data for cratons (North
American + European).

plotted here to show that, statistically, Sudbury may be the largest impact crater
formed in the area of 17.6 x 10 km? — the total area of measured cratons.

Figure 17 shows the R-plot of terrestrial data recalculated to the reference age
of 1 Gyr assuming a constant crater production rate. This assumption does not
contradict the lunar crater SFD recalculated to the terrestrial conditions. The recent
terrestrial production rate estimate by Hughes (2000) gives the similar results to our
simplified analysis (dark circles in Figure 17).

Earth — Bolides. Ivanov et al. (2000) use data of the satellite monitoring of light
flashes in the atmosphere to estimate the energy of several tens of bright bolides
(Nemtchinov et al., 1997). Assuming that all bolide projectiles have the average
NEA velocity and probability of impact, one can estimate the modern population
of small NEAs. The data are in a good fit to the estimated NEA population.

Mars. The new data from Mars Global Surveyor are discussed in Hartmann and
Neukum (2001; see also Hartmann et al., 1999a, b). Here we present for consis-
tency of the chapter only 2 examples of Martian cratering records which show the
same trends as for other terrestrial planets (Figures 16, 17 and 18). The small craters
on Mars have a large rate of obliteration, so one should add some model of crater
“equilibrium” to analyze the data. However, the presence of the same R-maximum
and R-minimum in the SFD is clear.
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Figure 15. The same data as in Figure 16 in a R-plot. Data are divided by 0.135 and 0.380 to put
them at the | Gyr position for checking the flux variation. Black dots are for estimates by Hughes
(2000) made with a technique of “nearest neighbours”.
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Figure 16. Mars: the crater SFD for heavily cratered terrain (1 — after Hartmann er al. (1981),
Elysium Planitia and Alba Patera lava flow (2, 3 — after Neukum and Hiller, 1981) and a relatively
young volcanic caldera floor (Hartmann et al., 1999a). Dashed line shows an approximate saturation
level after Hartmann.
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3.3. CRATERS ON ASTEROIDS

The Galileo and NEAR spacecraft returned images of four asteroids: Gaspra, Ida,
Mathilde, and Eros (Belton et al., 1992, 1994; Chapman et al., 1996a, b; Veverka
et al., 1997, 2000). All four bodies are covered by impact craters. Assuming an
average velocity of impact of 5.5 km/s in the Main Belt, it is possible to estimate
the small-projectile asteroid SED (Ivanov ez al., 2000).

We can assume here that on Gaspra the impact crater SFD represents the pro-
duction function, while Ida’s craters are believed to be close to saturation (equilib-
rium) at small diameters, and the largest craters may be below the saturation limit
(Chapman er al., 1996a). Large craters on Ida may be formed in the gravity regime
(Asphaug et al., 1996).

For Mathilde and Eros we use the published impact crater SFD (Veverka et
al., 1997, 2000). The scaling of craters on Mathilde is not well defined due to the
unusually low density (high porosity) of the target. As a first order approximation,
here we use scaling parameters presented by Schmidt and Housen (1987) for the
loosest soil.

With the assumptions discussed before a model projectile distribution for all
imaged asteroids may be constructed (Figure 19). To simplify the perception, we
use R-values for craters plotted vs. a projectile diameter (Figure 19a). In Figure 19b
we made an attempt to fit all asteroid cratering data with a single curve. Using the
Eros data as a reference level one concludes that in respect to “old” surface of Eros
its “young” area (Veverka er al., 2000) is cratered a factor 0.01 less. The same
ratio is ~0.15 for Gaspra ~0.6 for Ida and Mathilde in accuracy limits of available
scaling laws.

For comparison the lunar-derived projectile SFD is also shown. The model re-
sults for craters on asteroids demonstrate the presence of the R-minimum of the
projectile SFD curve approximately in the same range of projectile diameters as
for NEAs.

4. Size-frequency Distribution of Asteroids
4.1. ASTEROID COUNT

Earth-based astronomical observations and the satellite infrared survey (IRAS)
have revealed all Main Belt asteroids with diameters larger than about 40 km
(van Houten et al., 1970; Gradie et al., 1989; Cellino et al., 1991). For smaller
diameters one usually supposes a power-law SFD:

dN/dDp o< Dp* (6)

where the value of £ may vary from 2.95 (“PLS-slope”, after the Palomar-Leiden
Survey — van Houten et al., 1970) up to 3.5 (“Dohnanyi slope” — Dohnanyi, 1969).
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Figure 17. The R-plot for the derived projectile population for Gaspra, Ida, Mathilde, and Eros in
comparison with the SFD derived from lunar cratering records. a) R-values calculated for craters
plotted versus estimated projectile diameter; | — geomeitrical saturation limit; 2 — empirical
saturation limit according to Hartmann. b) The same data shifted vertically to fit the one curve.

k =3.5 is a typical value for a self-similar cascade of fragments. Davis et al. (1994)
used a geometrical average of two possible power-law distributions — the PLS
distribution and estimations by Cellino et al. (1991), to analyze the IRAS data
(Figure 18).

Deviations from a simple power-law SFD of impact craters, considered above,
suggest that the asteroid SFD also deviates from a simple power law at diameters
smaller than the limit of completeness of detection. For large bodies (~100 km in
diameter) the non-power-law SFD is usually discussed as an intrinsic feature of the
initial distribution of small bodies before the Main Belt accumulation (Davis et al.,
1985). A possible mechanism for such deviations is based on results of modeling
of impact evolution in the Main Belt — some models give a SFD (Campo Bagatin
et al., 1994a, b; Durda et al., 1998).

Spacewatch Data for Main Belt. Jedicke and Metcalfe (1998) have published an
analysis of the Main Belt SFD based on absolute magnitudes measured as a part of
the Spacewatch program. The basic purpose of the program is the automated search
and study of near-Earth asteroids (NEA); however, during the survey of areas near
the ecliptic about 60,000 Main Belt asteroids were also imaged. The duration of
each observation was too small to determine the orbit, and statistical methods were
used to estimate the distribution of orbital parameters from that of the magnitudes.
The application of standard methods of the observation incompleteness modeling
have allowed to estimate the distribution of absolute magnitudes in the Main Belt.
The SFD is estimated from magnitudes using relative numbers of asteroids of
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Figure 18. R-plot for Main Belt asteroids according to Davis et al. (1994) (filled square — observed
asteroids, open square — assumed by PLS) and Spacewatch data by Jedicke and Metcalfe (1998) for
all the Main Belt (thick curve) and the inner belt (thin curve with error bars) in comparison with the
SFD for projectiles formed lunar craters.

various types and corresponding typical albedos in the Main Belt (Gradieer al.,
1989). The total sensitivity permits SFD estimates for asteroid diameters above
2 km. For comparison, the more direct IRAS SFD estimates are given for diameters
exceeding ~20 km (Cellino et al., 1991).

Spacewatch Data for Main Belt. In Figure 18 data from direct observations (fol-
lowing Davis et al., 1989) and estimations by Jedicke and Metcalfe (1998) are
shown. The SFD of projectiles, received above from the SFD for impact craters, is
used to approximate the data. Comparing these data one can conclude:

1. The direct astronomical data show a relative R-minimum at asteroid diameters
D ~30— 40 km; the depth of this minimum may vary for different semimajor
axes a. This minimum would correspond to an impact crater size on the moon
~300 km diameter. The lunar SFD does show such a minimum. Beyond this
size of ~300 km crater diameter the lunar SFD up to a size of ~1000 km basin
diameters show the same rising R-characteristics as the asteroidal projectile
SFD as it approaches its R-maximum at ~100 km asteroid diameter.

2. Estimations for the diameter range < 10 km demonstrate the presence of a
second R-maximum at D ~4 — 5 km. This maximum is well visible in the
inner and mid Main Belt (2.0 < a < 2.6 AU) and may be assumed for the
exterior zone, being on the limit of detectability. The asteroidal R-maximum
at D ~4 — 5 km corresponds to a lunar crater diameter of ~50 km. The lunar
SED does show this maximum.

3. For asteroid diameters of 2 to 20 km the general shape of the SFD of the inner
asteroid belt and the SFD for lunar projectiles calculated for impact craters
looks identical within the error limits of available data.
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Figure 19. Comparison of the projectile SFD with the recent inventory of Near Earth Asteroids
(NEA) in cumulative count vs. visible magnitude (H = 18 roughly corresponds to the body of 1 km
in diameter (Weissman, 2000a, b). Filled circles represent the cumulative number (log N(< H)) of
known NEAs up to mid October 2000 as provided by the Minor Planet Center. Squares and filled
triangles show the complete population estimates from bias corrections to the NEAT and Spacewatch
surveys, according to Weissman (2000a, b). Filled diamonds represent the estimates of the total
number of the NEA population up to H = 20 calculated via re—detection rates from the LINEAR
survey for 1999 on the basis of observational data provided by the MPC, according to Rabinowitz et
al. (2000). The curve is a lunar projectile SFD based on the polynomial expression of the lunar crater
SFD formulated by Neukum and Ivanov (1994) with improved coefficients (Ivanov et al., 2000).

The SFD deviations from a power law for impact craters, considered above,
suggests that the SFD for asteroids in the Main Belt — the main source of projec-
tiles for cratering on terrestrial planets — also deviates from a simple power law at
diameters smaller than the limit of completeness of detection.

NEA. A similar SFD is found for Near Earth Asteroids (NEA). Figure 19 gives a
recent summary of astronomical observations and debias modeling in comparison
with the projectile SFD derived from lunar cratering records.

4.2. NEW RESULTS IN CATASTROPHIC COLLISION PHYSICS

Progress in catastrophic collision studies give some insight into the nature of the
SFD deviation from a simple power law. We can use new ideas in the same way
Hartmann previously used the physics of fragmentation to explain his early results
(see Subsection 2.1). The numerical modeling of asteroid collisions by Love and
Ahrens (1996) demonstrated the strength to gravity transition in the catastrophic
events at unexpectedly low asteroid diameters (~ hundreds of meters). The esti-
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mates by Melosh and Ryan (1997) also show the importance of self-gravity for the
reaccumulation of fragments after catastrophic disruption into a “rubble pile”.

The revised impact strength model was used by Durdaer al. (1998) in a stan-
dard numerical model of collisional evolution. The modeling demonstrated a very
simple idea:

— Just above the transitional target diameter, larger critical projectiles (“killers™)
are required;

— The number of “killers” is less than for the range of pure strength confinement;
hence at larger diameters a surplus of bodies exists; this surplus increases the
probability of destruction of larger bodies, etc.

— As the result, an equilibrium is established where the SFD of asteroids devi-
ates in a wavy manner from a simple power law.

Modeling results by Durda et al. (1998) are compared to the projectile SFD, de-
scribed above by Ivanov et al. (2000). The idea of the transition from strength
to gravity confinement of asteroids among catastrophic collisions allows us to
reproduce the wavy deviation from a power law with the positions of R-maxima
and R-minima corresponding to observational data. An important result for the
interpretation of cratering on terrestrial planets is that according to the model the
specific SFD shape is reached for less than 1 Gyr and remains approximately stable
during more than 4 Gy. Without considering the depletion due to ejection into NEA
orbits, the number of bodies in the Main Belt according to the model by Durdaet
al. (1998) decreased by less than three times during the last 3.5 Gyr.

5. Conclusions and Discussion

1. For the last 4 Gyr the shape of production function on the moon has not
changed within the limits of observational accuracy.

2. Application of cratering scaling laws allows us to estimate the size- frequency
distribution (SFD) of projectiles from the measured SFD of lunar impact craters.
The estimated SFD of projectiles has a complex form with wavy deviations
from a simple power law. Deficiencies of small craters, relative to produc-
tion SFD, are primarily due to endogenic processes such as erosion, subaerial
deposition, and resurfacing by sequential localized lava flows.

3. The estimated SFD of projectiles allows us to reproduce the impact crater SFD
on all terrestrial planets. One can conclude that the majority of impact craters
were formed by one population of projectiles, and the shape of the projectile
SFD has not changed dramatically over the last 4 Gyr.

4. The SFD of the crater-forming bodies within the limits of accuracy of available
data is similar to the SFD of asteroids in the Main Belt. Within the same
limits of accuracy the contribution of comets to the crater formation is rela-
tively insignificant or else the cometary SFD replicates the SFD for asteroids.



CRATERING RECORD 83

We suspect that asteroids, ejected from the Main Belt into NEAs, seem to
present the main source of crater-forming objects on the terrestrial planets. One
can conclude that these projectiles belong to a collisionally evolved family of
objects.
We conclude that craters on the moon and Mars were created by the same family
of projectiles. This family most probably are PCA which originated from the Main
Belt due to gravitational interaction with planets. Under these assumptions we can
transfer the lunar cratering chronology to Mars, what will be done in the next two
chapters.
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Abstract. This article presents a method to adapt the lunar production function, i.e. the frequency
of impacts with a given size of a formed crater as discussed by Neukum et al. (2001), to Mars. This
requires to study the nature of crater-forming projectiles, the impact rate difference, and the scaling
laws for the impact crater formation. These old-standing questions are reviewed, and examples for
the re-calculation of the production function from the moon to Mars are given.

1. Crater Forming Projectiles

The modern crater forming projectiles are believed to be presented by three main
populations: asteroids, Jupiter-Family comets (JFC), and long period comets (LPC).
These bodies have different kinds of orbits, and physical and mechanical proper-
ties. According to Shoemaker and Wolfe (1982), for Earth and for all terrestrial
planets the JFC impacts play a minor role in the formation of impact craters. As-
teroids and long period comets may give comparable contributions to the modern
cratering rate. However, the long period comets’ flux in terms of mass of the projec-
tiles is currently poorly known. Shoemaker and Wolfe (1982) used measurements
of the LPC nuclear size by Roemer (1965, 1966), Roemer and Lloyd (1966) and
Roemer et al. (1966), and the astronomically estimated frequency of fly-by through
the solar system. As the estimated cratering rate from these assumptions was too
high, Shoemaker and Wolfe (1982) ascribed the overestimate to the unresolved
comae of measured LPCs, and drastically decreased the published nuclear diame-
ter estimates by a factor of 3. Consequently, knowing the average probability and
velocity of LPC impacts very well, there remains a severe problem of not knowing
both the size distribution and the formation rate of impact craters by LPCs.

According to Neukum et al. (2001), the size-frequency distribution (SFD) of
craters at best corresponds to the one of asteroids. At the same time, known es-
timates for the SFD of comet nuclei contradict the planetary cratering records
(Shoemaker and Wolfe, 1982). Thus, as a first approximation this article compares
the moon and Mars only for asteroid impacts.

Most asteroids occupy the area between the orbits of Mars and Jupiter, named
the Main Belt (MB; see Binzel et al., 1989, for a review and database). The rela-
tively small sub-population of asteroids that currently cross the orbits of terrestrial
planets are called Planet Crossing Asteroids (PCA).

MM Chronology and Evolution of Mars 96 87-104, 2001.
‘F © 2001 Kluwer Academic Publishers.
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Recently, Morbidelli (1999) has reviewed the evolution of understanding the
PCA origin. The first scenario developed by Wetherill (1979, 1988) and interpreted
by Greenberg and Nolan (1989, 1993) assumes the catastrophic collision’s frag-
ment injection to resonance phase space area. Being in a resonance ¢ or 3/1),
“new” fragmental asteroids change eccentricities and become PCAs. They further
change orbits due to close encounters with terrestrial planets. The time scale for
the transition from MB to PCA orbits is ~1 Myr; the life time at the PCA’s orbits
is tens of Myr. If Mars alone controls the orbit evolution, an asteroid begins to
cross the Earth orbit in 100 Myr (“slow track”). If Earth removes an asteroid from
a resonance, the orbit evolves 10 to 100 times faster (1 to 10 Myr, “fast track™).

Later, the “solar sink” was found to be an important mechanism to limit the time
scale of the orbital evolution due to resonances. A chain of papers after Farinellaer
al. (1994), reviewed by Morbidelli (1999), demonstrated that resonances “pump”
eccentricities of PCAs up to a sun-grazing orbit. The recent dynamic model by
Gladman et al. (1997) predicts a median lifetime of 2 Myr for MB asteroids in reso-
nant orbits, while 90% will impact Sun or planets, or will be ejected out of the inner
solar system within 10 Myr. The short lifetime implies a very intensive re-supply
of PCAs from the rest of the MB asteroids. The pure resonant orbital evolution thus
looks like an effective “fast track” to create PCAs from MB asteroids.

The “slow track™ interpretation was renovated by Migliorinier al. (1998) and
Morbidelli (1999): Multiple weak resonances lead to chaotic evolution of the MB
asteroids’ orbits that are far from main mean motion and secular resonances with
Jupiter and Saturn. These orbits “migrate” in phase space with a good chance to
become Mars-crossing orbits on a timescale of 25 Myr. Then, Mars-crossers will
evolve to PCAs by close encounters with Mars and other terrestrial planets.

Regarding planetary cratering rate estimates, three comments are important:

1. Before numerical models have accumulated better statistics in the behavior of
small bodies in the solar system, the natural axiom assumed that the currently
observed PCAs present a sensible “time slice” of a stationary distribution of
orbital elements, so that impact probabilities and impact velocities of asteroids
can be estimated from currently observed PCAs. With help of scaling laws the
cratering rate is estimated. Most of the currently observed asteroids never hit
any planet. The time to impact for a typical orbit is about Q1 — 1 Gyr. Thus, 4
to 10 “generations” of asteroids should replace one another on the same PCA
orbits to create a new crater on one of the terrestrial planets or their satellites.

2. The “fast track” with ejection due to catastrophic collision differs from the
“slow track”, which operates equally for bodies of any size. The fragmentation
ejection into resonant orbits may change the SFD of fragments. Smaller frag-
ments are ejected faster, so that the “fast track” population of PCAs should be
more abundant in small bodies compared to the MB population. In terms of a
close to power law SFD, the PCA’s SFD is “steeper” than the MB SFD.

3. Non-gravitational forces (such as the Yarkovsky effect) also can result in a
steeper SFD for PCAs.
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Figure 1. Cumulative (a) and incremental (b) perihelion distribution of planetary crossing asteroids
(PCAs) of different size (characterized by magnitude H). The N(g) dependence of PCAs with
H < 15 compromises the completeness of observation and the numerosity at near-Earth orbits.

Below we assume that asteroids from the MB may be treated as best candidates
for the cratering rate comparison. Cometary input is not included in our current
estimates. We also assume that the currently observed population of PCA is sta-
tionary (at least for the last 3 Gyr). For more ancient periods, e.g. the end of the
heavy bombardment period, we assume that the relative cratering rates on terres-
trial planets in respect to the moon was the same as relative cratering rates for the
currently observed PCA. Each of these assumptions should be taken with care.

2. Projectile Flux Estimate

In the approach of Shoemaker and Wolfe (1982) for short period comets, the set
of observed comet orbits is sorted in perihelion distance g, from which the av-
erage impact probability and velocity are estimated. This way, observed orbits
are assumed to represent an ensemble of a statistically “averaged” steady-state
population of PCAs. Here, the list of osculating orbits “astorb.dat”, presented on
http://asteroid.lowell.edu (February 2000), is used.

To remove bias in the observed asteroid population, several techniques have
been developed (e.g., Rabinowitz, 1993, 1997; Rabinowitz et al., 1994; Jedicke
and Metcalfe, 1998; Bottke er al., 2000a, b). Here, PCAs are sorted in their abso-
lute magnitude and the obvious bias in theg-distribution is removed. Figure 1 plots
“incremental” and “cumulative” distributions of the number of PCAs of different
size, presented by magnitude. The incremental number of asteroids is calculated
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as their number per ¢g-bin of width 0.1 AU. Comparing g-distributions of asteroids
with H < 15 and H < 12 reveals similar behavior close to the Mars orbit.

The observations for Mars-crossers with H < 15 appear to be relatively com-
plete, agreeing with theory (Bottke et al., 2000b). A scaled curve derived from
N (g) distributions for H < 15 (Figure 1) and larger bodies fits to the data of N(g)
for larger bodies with H < 12. For Mars-crossers N(g) functions look similar.
For small g the number of H < 12 asteroids drops below 1. This means that the
steady-state number of large NEAs is less than 1 — the delivery rate is smaller
than the lifetime of large bodies, and they only sporadically appear in the Earth’s
vicinity. Here, it is assumed that the g-distribution of asteroids with H < 15 may
be used to estimate the N(g) function for smaller bodies.

The completeness of observation of small bodies on near Earth orbits (NEA)
is now estimated as 40% for H < 18 (Bottke et al., 2000b). At the same time,
the trial fit of N1g(q) with the N;s(g) curve shows a more or less similar behavior
for PCAs. A first order correction for PCAs is obtained by multiplication by some
factor close to 2.5, according to Bottke et al. (2000b). For Mars-crossers with
H < 18 the observational bias obviously increases for largerg (Figure 1).

With the procedure described above the impact rates on the moon and Mars are
compared. Impact velocities and probabilities for all Earth crossers withH < 18,
and for all Mars-crossers with H < 15 are calculated. To compare absolute impact
rates on Mars and the moon, Mars estimates for eachq are multiplied with the ratio
Ny <15/Ng<i1g. This implies that unobserved Earth and Mars-crossers should have
orbits similar to currently observed bodies. Figure 2 illustrates the impact velocity
distribution for Mars and the moon binned in intervals of 1 km/s.

The Opik formulas, refined by Wetherill (1967) for the general case of elliptic
orbits for both target and projectile, are applied to all bodies in the “astorb.dat” file.
A random orientation of the nodes latitude is assumed, so that all mutual positions
of inclined elliptical orbits have the same probability. For each target (Mars or the
moon) and projectile (PCA) the impact probability and velocity are calculated. The
total impact probability, corrected for observational bias for small Mars-crossers,
and the average impact velocity are needed to compute the cratering rate.

Before determining size-frequency distributions of projectiles, it helps to com-
pare the estimated impact rate of asteroids of equal size on the moon and Mars.

For the moon the average probability of impact of observed NEA with H < 18
is 1.9 x 107!1° yr~!. For the total number of projectiles of 155 and the moon radius
of 1732 km the average impact rate (A/ R) per year per km? is Al Rpyoon = 0.77 X
1071 yr=! km~2 The average impact velocity is (Vyeon) = 16.2 km/s.

The AIR estimate is difficult for Mars, because its orbit’s eccentricity varies
in the range of ~0.01 — 0.1 with a period of 2 Myr (Ward, 1992). Currently, this
eccentricity is close to the upper limite = 0.094, and Mars’ distance to the Sun
varies in the range ~ 1.4 — 1.7 AU. Figure 1 shows, how the number of Mars
crossers grows with g within limits of the current Mars aphelia and perihelia: The
number of potential impactors is 20 times larger in the aphelia than in the perihelia.
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Figure 2. The impact velocity distribution for the moon and Mars (fraction of impacts per 1 km/s).

The calculations with “astorb.dat” Mars crossers show that the impact rate changes
7 times each Martian year, defining “impact seasons”’.

For this reason, the AI R for Mars may either be calculated for shorter periods
assuming a specific eccentricity, or may be averaged for one Martian year or even
for the cycle of the Martian orbit eccentricity variation of ~2 Myr. The long-time
average, corrected for the unobserved H < 18 Mars crossers, is estimated as

Al Ryars = 1.57 x 107 Byr~'km™2 .

The average impact velocity is (Vyars) = 8.62 kms~!. This number corresponds
to the observed NEA with H < 18, and may present ~4(0% of the real impact rate,
as discussed above.

The Mars/moon impact rate ratio, averaged in time, called “Rpjige” or R}, fol-
lowing Hartmann and Neukum (2001), has a value

Ry = AI Rytars /AT Rioon = 1.57/0.77 = 2.04 (1)

for asteroids of the same size. This is the ratio of frequencies of impacts per unit
area. Due to the larger total surface of Mars, the ratio of the absolute numbers of
impacts is larger than the value of Equation (1).

To convert this ratio, Ryojide, t0 the average cratering rate ratio, R, one needs
to know the scaling law for impact cratering due to the different impact velocities
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and surface gravity on the moon and Mars, and the size-frequency distribution of
projectiles to estimate the R value for equal crater diameters.

3. Scaling Laws

Crater diameters for the impact of the same projectile on the moon and on Mars
depend on the efficiency of the cratering at different impact velocity and surface
gravity. Nowadays, the scaling law by Schmidt and Housen (1987) is widely used,
which conveniently is written as

D, = 1-16(3/,0)1/3Dg‘78(v sin a)0.43g~0.22 @

where D, is the transient crater diameter, Dp is the projectile diameter, p and § are
densities of target and projectile materials, v is the impact velocity, « is the impact
angle, and g is the gravity acceleration (e.g., Pierazzo et al., 1997). For simple
craters formed in the gravity regime their final diameter is about D,.

The power law (Equation 2) may be more complex in extreme cases of small
strength craters (D < 50 to 300 m (see Neukum and Ivanov, 1994), and large
modified (collapsed) craters (see the review by Melosh and Ivanov, 1999).

The strength-to-gravity transition may be incorporated into the scaling law fol-
lowing Schmidt and Housen (1987), Neukum and Ivanov (1994), and Ivanovet al.
(2000). Equation (2) may be rewritten in a form, where for sufficiently small events
the crater diameter is directly proportional to the projectile diameter:

D[ (1.16)1/0'78

Dyp[(8/p) /3 (v sin@)04310.78 " [(Dy, + D,)g]0-22/0.78

where D, is the characteristic strength to gravity transition crater diameter; craters
with Dy < Dy, are formed in a strength regime, while craters with D, > Dy, are
formed in a gravity regime. After this reduction the generalized form of the scaling
law is
D, 1.28 3
Dp(8/p) 0 (vsine)® — [(Dyg + DYgl°® ®

The scaling law (Equation 3) gives a smooth transition from the gravity cratering
regime (Equation 2) to the assumed strength cratering regime where (for D, <
Dy,) the crater diameter is proportional to the projectile size:

1.28

N (D—g)o-28DP(5/ 0)°2 (v sin @)
sg

t

Such a model assumes that the formation of a small crater on a planetary surface
may be described as the cratering process in a target with a constant strength. In
reality, the strength of near surface rocks may be highly variable due to the presence
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of a regolith and a megaregolith. However, Equation (2) gives an upper limit for
the crater size for a given projectile, implicitly assuming a low cohesion nature of
shuttered and weathered near-surface rocks. Equation (3) gives a lower limit of the
crater size, provided the near surface rocks have some finite cohesion.

The gravity collapse of a transient cavity makes the diameter of a final mod-
ified crater larger in comparison with a hypothetical simple crater which would
be created by the same impact in the absence of the gravity collapse. For simple
estimates one can use the semiempirical model derived by S. Croft (1985; see also
Chapman and McKinnon, 1986) to find the transient cavity diameter, D;, for an
observed crater with a rim diameter D:

Dt — Dg.lS % DO.85 (4)

for D > D,. The value of a critical diameter D,, which defines the boundary
crater diameter when the collapse begins, depends on the target material strength
and gravity. On Earth, the value of D, is ~4 km for crystalline rocks. For other
terrestrial planets D, varies approximately inversely proportional to the surface
gravity acceleration (Pike, 1980). Using Equation (4) to estimate D, and Equa-
tion (3) for an assumed impact velocity v and impact angle «, one can estimate a
projectile diameter needed to form the crater with a given final diameterD.

The best test for the model is to compare the theoretical and observed volume of
the impact melt in well studied terrestrial impact craters. Numerical models of the
impact events enable to estimate the impact melt volume. The results are confirmed
by real underground nuclear tests. The reasonably good coincidence (Figure 3)
between theory and observations gives confidence in the validity of scaling laws
presented here (Ivanov, 1981; Pierazzoet al., 1997).

The general review of the simple-to-complex transition has been published by
Pike (1980). Most of these data reflect boundary diameters between ranges of
different morphology styles of impact craters. In general, it is hard to say what
is the best value of D, in Equation (4) to estimate the crater diameter increase due
to modification on a given planetary body. As a first approximation for terrestrial
planets one may use the inverse proportionality of D, and D, to gravity g (Pike,
1980). The recent Mars Global Surveyor data seem to significantly improve theD,
estimates (Garvin et al., 2000).

4. Cratering Rate Comparison

The rigorous procedure of the interplanetary comparison of crater records consists
of several natural steps.
1. Calculate the shape of the size-frequency distribution of projectiles using one
of the bodies as a reference.
2. Calculate the production curve for new impact velocities and surface gravity,
assuming the SFD of projectiles for the other planet is the same as for the
reference planetary body.
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Figure 3. Comparison of calculated (Ivanov, 1981; Pierazzo et al., 1997) and observed (Grieve and
Cintala, 1992) impact melt volumes in terrestrial craters. The solid line shows the total theoretical
melt production, the dashed line corresponds to an assumption that 50% of the produced impact melt
is ejected beyond the crater rim.

3. Normalize the production function to the average impact rate ratio.
The known lunar production function is discussed by Neukumer al. (2001). The
re-calculations of the Hartmann Production Function (HPF) and the one of Neukum
(NPF) for the case of Mars are presented below. However, before discussing the
relatively accurate procedure, some order-of-magnitude estimates are made.
Model 0 uses power law functions for both the cratering scaling law and the
projectile SFD, and assumes one (average) impact angle and one (average) im-
pact velocity. This was the first successful technique to compare impact cratering
rates throughout the solar system (Hartmann, 1977; Hartmannet al., 1981). In this
model, the SFD as function of the projectile’s diameter Dp is written as:

N(> Dp) ~ D5" (&)
The crater diameter is expressed as
D~ D¢vPg™.
The crater’s SFD is also a power law
N(> D)~ D7 (6)

where b = n/a. For a known ratio of numbers of impacts of projectiles of a given
size at a given area during a given time (named R}, in Equation 1), one can derive
the ratio of cratering rates for a given crater diameter. Due to differences in the
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impact velocity and surface gravity, craters of the same diameter are formed by
projectiles of different size. On planet #1 (let it be Mars) the crater of a diameter D
is created by a projectile with a diameter

Dpy = DVev P gl
On planet #2 (the moon) the same crater is created by a projectile with the diameter
Dypp = DV yp=Plegr/e
m m

Mars gravity is larger, and the average impact velocity is smaller than on the moon.
Consequently, a larger projectile needs to strike Mars to create the same crater.
Larger bodies are less numerous (Equation 5), and the ratio of the cratering rate,
R, is smaller than the ratio of impact rates, Ry, by a “planetary” factor, fp, derived
from the scaling law and the size-frequency distributions:

fo = (om/vm)?* - (gm/gm)~""'®

The final ratio of cratering rates (Mars/moon ratio, R) is given by the expression
R = feRy

To make a bridge to previous estimates for interplanetary comparison of crater
population, we test first “old” exponents, used by Hartmann (1977) and Hartmann
et al. (1981): B = 2/3.3 = 0.606, y = 0.2. For these parameters the ratio of crater
diameters on Mars and the moon for velocities estimated above is

Dy/ D = (vm/vm)? (gm/gm) 7 = 0.694 (7

The “planetary” factor, fp, depends on the SFD’s steepness (Equations 5 or 6).
For typical values of b = 2 to 3 the Mars/moon cratering rate ratio R varies in
the range

R = (Dy/Dm)? x Ry = (0.33 10 0.48) x 4.8 = 1.6 t0 2.3 ®)

“Modern” values of exponents in the scaling law (8 = 0.43, y = —0.22 (Equa-
tion 2) give close numbers for simple gravity craters:

Dy/ D = (vm/vm)? (gm/gm) 7 = 0.64 ©)
R = (DM/Dm)” x Ry = (0.26t0 0.41) x 4.8 = 1.28 t0 1.99 (10)

This comparison leads to the conclusion that the “old” scaling by Hartmann (1977)
gives just the same Dy/ Dy, as more recent scaling laws for simple craters. The
variations in scaling exponents and average impact velocities derived here are close
to compensate one another. The “typical” impact on Mars creates the crater 1.5
times smaller than on the moon. Consequently, the cratering rate ratio is less than
the average impact rate ratio.
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TABLE1

Cratering rate comparison for simple craters for different values of the Mars orbit eccentricity, e, and
time averaged estimates for the period of 2 Myr. M=Mars; m=moon; Ry, is the Mars/moon impact
rate ratio; Dp,— is the crater diameter for vertical impact of an asteroid of 1 km diameter; b is the
exponent in the cumulative size distribution (Equation 6).

Planet v Ry | Dpp—1 | =138 b=22 b =3.82
b b b
—1 D, D

kms km (D_l\,:) R (ﬁ""%) R (%?:) R
moon | 16.09 | | 15.32 | | |
Mars
e=0093 | 861 | 48 | 987 | 045 2.18 | 0.38 1.83 | 0.19 0.90
e=005 | 1032 [202| 1065 | 052 1.05 | 045 0.91 | 0.25 0.51
e =0.01 1086 | 1.73 | 1088 | 0.54 0.93 | 047 0.81 | 0.27 0.47
Time av. \ 9.59 | 2.04 | 10.32 | 0.49 1.00 | 0.42 0.86 | 0.22 0.45

Taking into account the variation of the Mars orbit eccentricity, one can derive
R-values for different slopes of the cumulative SFD providing thesame steepness
of the cratering curve. The data in Table I well represent possible ranges of R-
values for different Mars orbits and the crater cumulative distribution steepness.
For the current Mars orbit (highe) the R value is in the range 0.9 —2.2 for different
ranges of the N(> D) distribution. During time periods, when the Mars orbit is
almost circular, R decreases to values in the range 0.5 — 0.9.

The last section of Table I shows the time averaged cratering rate ratio R for
sinusoidal variation of e with time and for varying N(> D) steepness: R is in the
range 0.45 — 1.0, providing one compares SFD brunches with the same steepness
m. One cannot compare the number of craters on Mars and the moon for diameter
ranges where N (> D) curves have different steepness.

The possible celestial source of uncertainty in these estimates is connected with
possible modulation of the Mars crossers orbital evolution with the evolution of the
eccentricity of the Martian orbit. This modulation in principle may shift the orbital
distribution of Mars crossers, which may shift time averaged impact velocity and
probability for Mars. However, the time scale of the Mars orbit variation is about
2 Myr (Ward, 1992), while the typical time scale for Mars crossers evolution is
about 30 Myr (Migliorini et al., 1998; Morbidelli, 1999).

Model 0 gives a proper general estimate for the values of the Mars/moon cra-
tering rate ratio R due to the bombardment of asteroids. If comets have not the
significant input into the cratering rate (see Neukumet al., 2001), it can be con-
cluded that the cratering rates on Mars and the moon are close within a factor of
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1.5. For steep N (D) distributions R = (.5, in a shallow N (D) diapason, R may be
close to 1.0, if averaged over the time variation of the Martian eccentricity.

The general information given above enables to construct the predictive N (D)
functions for Martian surfaces of varying ages, as presented in the following.

Model 1 is a simple approach (e.g., Neukum and Ivanov, 1994) to assume that
all impact craters are created with projectiles having one (average) impact velocity
and one (average) impact angle of 45°.

In this case, the production functions, HPF and NPF, can be easily recalculated
from the moon to Mars. The procedure includes the estimate of the projectile SFD
using Equations (2 — 3). The derived projectile population is assumed to strike Mars
with the proper larger intensity. Using the average impact velocity for Mars, the
correspondent crater population and the Martian production curve are estimated.
It is important to take into account that the simple-to-complex transition on Mars
occurs at smaller critical diameter D, = 7 km (Garvin et al., 2000), while on the
moon we assume the D, value of 15 km (Pike, 1980).

Model 2 is more complex but more exact. It automatically takes the change of
crater scaling into account, which happens in different diapasons of crater diam-
eters at planetary bodies with different gravity and surface mechanical properties.
The most straightforward way is to derive the model SFD for one body and then
include the variation of impact and target parameters to compute the crater SFD on
the other body. The technical problem arises from the fact that craters of the same
diameter may be created by impacts of projectiles of varying size depending on
their impact angle and velocity.

With an analytical expression for the SFD the problem is solved in a more
rigorous style. Ivanov (1999) and Ivanov et al. (1999, 2000) have estimated the
relationship between projectile and crater SFDs using the real observed velocity
distribution of asteroids. The model assumes that:

— The crater diameter is some function, i.e. the scaling law, D = D(Dp, v, )
of the projectile and impact parameters Dp (projectile diameter), v (impact
velocity) and o (impact angle, o = 90° means vertical impact).

— The probability for a projectile to have the impact velocity in the range from
vtov+dvis f,(v)dv. The minimum impact velocity is equal to the escape
velocity of a planetary body, ves.. The maximum velocity depends on the
orbital parameters of a target body and projectiles.

— The share of impacts in the range of angles froma to o + da is a function
fo(@). The maximum impact angle is naturally 90° (vertical impact). The
minimum angle of impact oy, is defined as an angle, below which craters
become elongated. From the restricted amount of experimental data (Gault
and Wedekind, 1978) amin = 15° can be estimated. Bottke et al. (2000c)
recently have confirmed an angle of order 12° as the upper boundary for a
significant ellipticity of impact craters.
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Any crater of a diameter D may be formed by impact of projectiles of various
diameters, depending on the impact velocity and impact angle. In differential form
this condition is expressed as

aNn T T dN dDy
v do | 400 e ) @) 1
> /dv/ a[dDPdD]f(wf(a) (11)

where both values in square brackets should be calculated for the projectile diam-
eter Dp(D, v, @), i.e. for the projectile of diameter Dp, which creates the crater of
diameter D, impacting with velocity v at angle «.

The integral equation (11) enables to calculate the projectile SFD for a known
SFD of craters, Dp(D, v, ), and velocity and angular distributions of impact events.
Then, Equation (11) gives the model impact crater SFD (a production function) for
a given planetary surface from the projectile SFD and the impact velocity spectra.

Scaling laws (Equations 2, 4) simplify the procedure. The analytical fit to the
lunar data derived by Neukum (1983) and recently improved by Ivanov (1999)
and Ivanov et al. (2000) is one example; however, the general equation (11) may
be applied for any input crater distribution. The resulting projectile SFD is also
presented as a polynomial function similar to Neukum’s lunar production function.
From the derived projectile (asteroid) SFD the model SFD for Martian craters is
calculated. Note however, that the same asteroid SFD for Earth-crossers and Mars-
crossers is assumed. This may not be completely true, if non-gravity effects change,
depending on asteroid size, the populations of fast and slow track delivery routes.

Results. With all the assumptions and simplifications described above, the model
results in a Mars-to-moon re-calculation of the production functions.

The Hartman Production Function (HPF), recalculated to Mars using Model 2,
is shown in Figure 4 in comparison with the original lunar HPF. Figure 5 plots the
Mars-to-moon ratio for the same crater diameter bins. In the spirit of the lunar HPF,
the production function for Mars may be split into 3 power law branches (for an
“average” lunar mare surface of ~3.4 Gyr on Neukum’s time scale):

log Ny = —2.894 —3.82log Dy, D < 1.0 km
logNg = —2.938 — 1.72log Dy, 1.0km < D < 32km
log Ny = —2.146 —2.20log DL, D > 32km (12)

Note the slight change in the exponent (Equation 12) with respect to the lunar HPF
(Neukum et al., 2001). As Martian craters created with the same projectile are
smaller than on the moon, the boundary diameters of different power law branches
are shifted to smaller sizes compared to the lunar HPF (Equation 1).

As the HPF is presented as the 3 power relationships (Neukum et al., 2001),
the Mars-to-moon ratio has specific values for each power branch (Figure 5). The
smaller crater dimensions on Mars for the same projectile diameter and the higher
Martian impact rate barely compensate each other forD > 2 km. Thus, the Mars-
to-moon crater number ratio is close to unity with the accuracy of+20%.
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Figure 4. The Hartman production function for Mars in comparison with the lunar prototype. Crosses
are plotted against the middle of 21/2 diameter bins.
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Figure 5. The Mars-to-moon ratio of a number of impact craters with equal diameter. Hartmann
Production Function (HPF) and Neukum Production Function (NPF) are recalculated from the moon
to Mars using Model 1 (one average impact velocity and one average impact angle of 45°) and
Model 2 (the full ensemble of impact velocities and impact angles). All re-calculations except NPF
(Model 2) use the gravity crater scaling law with the Croft’s collapse model. The NPF (Model 2) is
recalculated assuming the strength-to-gravity cratering regime transition with Dgg at 300 m on the
moon and 100 m on Mars. For details see text.
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Figure 6. Martian “isochrones” based on the Hartmann Production Function (HPF) compared to
the crater counts on the Arsia Mons volcano (square) and at its summit caldera floor (diamonds)
by Hartmann (1999). The upper curve corresponds to the same age as the “average lunar mare”
(~3.4 Gyr). Also shown are “isochrones” for surfaces that accumulated 1/10, 1/100, and 1/1000 less
craters. The Arsia Mons caldera floor accumulated roughly 10 times less craters than surfaces of
lunar mare “average” age. The NPF, derived below, is shown for comparison (small triangles).

The lunar HPF is constructed for the “average mare” surface age, estimated
above as ~3.4 Gyr. If no excessive accuracy is required, the Martian HPF for
various crater retention ages may be given as fractions of the “average mare” crater
density. Figure 6 illustrates these HPF “isochrones” for Martian surfaces with 1/10
and 1/100 of the “average mare” crater counts. The recent MGS data for the caldera
of Arsia Mons (Hartmann, 1999) corresponds to a crater areal density of 1/10 of
the “average lunar mare”. Martian crater counts are discussed by Hartmann and
Neukum (2001), and Table II presents numerical values of the HPF for Mars.

The Neukum Production Function (NPF) originally is presented in the cumu-
lative form, from which the incremental and R-plot distributions are easily pro-
duced. Figure 7 compares the Martian NPF for a 1 Gyr-old surface with the lunar
NPF of the same age. Figure 5 shows this comparison in more detail, as the ratio
of incremental number of craters in the same diameter intervals. The non-power
law NPF has a steepness that differs from the HPF power law. Consequently, the
Mars-to-moon ratio varies in a wider range.

The NPF may be approximated as a polynomial similar to the lunar NPF:

11
log,,(N) = ap + Za,, [loglO(D)]" .

n=1

Coefficients a; are listed in Table III; the fit is valid for ~15 m < D <362 km.
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TABLE I
Calculated crater number in each crater diameter bin for Mars and the moon according to

Hartmann’s (HPF) and Neukum’s Production Function (NPF) for an age of the “average
lunar mare” (~3.4 Gyr for NPF) and the ratio of NPF/HPF for Mars and moon.

| DL (km) | Ng(Mars) | Ni(moon) | (NPF/HPF)\ars | (NPF/HPF)moon

0.0156 8154 19210 0.21 0.15
0.0221 2170 5113 0.26 0.20
0.0313 577.4 1360 032 0.25
0.0442 153.6 362 0.41 0.31
0.0625 40.88 96.32 0.51 0.39
0.0884 10.88 25.63 0.65 0.49
0.1250 2.895 6.82 0.79 0.62
0.1768 0.7702 1.815 0.91 0.77
0.2500 0.205 0.4829 0.99 0.89
0.3536 0.05454 0.1285 1.02 0.98
0.5000 0.01451 0.03419 1.03 1.02
0.7071 | 3.787x1073 | 9.098x 1073 1.09 1.03
1.0000 | 1.158x103 | 2.421x1073 1.04 1.06
1414 | 6207x107% | 6.443x10~* 0.62 1.14
2000 | 3.326x107%4 | 3.453x10™% 0.42 0.67
2.828 | 1.782x10™* | 1.850x10~* 0.33 0.45
4000 | 9.552x107° | 9.915x107° 0.29 0.34
5.657 | 4.902x1075 | 5.313x107° 0.31 0.30
8.000 | 2.580x1075 | 2.847x107 0.39 0.31
11.310 | 1.646x1075 | 1.526x 107 0.53 0.38
16.000 | 8.821x1070 | 8.177x107° 0.74 0.54
22.630 | 4.727x107° | 4.382x107° 0.90 0.74
32.000 | 2.533x107° | 2.348x 1076 0.92 0.90
45250 | 1.357x107° | 1.258x107° 0.78 0.91
64.000 | 6.336x1077 | 6.736x10~7 0.66 0.78
90.510 | 2.956x10~7 | 3.142x 10~ 0.52 0.66
128.000 | 1.379x10~7 | 1.466x107 0.41 0.52
181.000 | 6.433x1078 | 6.839x10~8 0.33 0.41
256.000 | 3.001x1078 | 3.191x10~8 0.35 0.32
TABLE 111
Coefficients for the Martian NPF
R o e T N

3384 | 3] 07915 | 6 0.1016 9 | -4.753x1073

3.197 | 4 | -0.4861 | 7 | 6.756x1072 | 10 | 6.233x10~4

1257 | 5| -03630 | 8 | -1.181:1072 | 11 | 5.805x1073
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Figure 7. The Martian “isochrones” based on the Neukum Production Function (Model 1) with the
gravity/collapse (no strength/gravity transition) scaling of cratering. The dashed line presents the
1 Gyr isochron for the moon. The detailed Mars-to-moon comparison is shown in Figure 5. The
same data as in Figure 5 for the caldera floor of Arsia Mons are shown for comparison.

The coefficient ay in Table III is calculated for a crater retention age of 1 Gyr. It
corresponds to the cumulative number of craters larger 1 km

N1 =102 =413 x 107* km 2.

Using the same time dependence as for the moon (Neukum, 1983; Neukum et
al., 2001) one can propose the similar time dependence for Mars

N(1) =2.68- 10 *(exp(6.93T) — 1) + 4.13 x 107*T . (13)

The introduction of a possible strength/gravity transition into the cratering scal-
ing law adds some difference in the Mars-to-moon ratio of crater numbers. Figure 5
shows that in this case the Mars-to-moon ratio should increase to the one for crater
diameters near D = 10 m.

Conclusions. According to the models described above, the impact crater num-
ber on Mars does not differ more than +50% from the lunar crater number in the
same diameter bins. The more frequent asteroid impacts on Mars do not result
in a much larger cratering rate: the larger surface gravity and the smaller impact
velocity decrease the crater size compared to the impact of the same body on the
moon. Finally, the cratering rate Mars-moon ratio varies in the range 0.6 — 1.2,
depending on the steepness of the N (D) distribution.
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Abstract. We review the radiometric ages of the 16 currently known Martian meteorites, classified
as 11 shergottites (8 basaltic and 3 lherzolitic), 3 nakhlites (clinopyroxenites), Chassigny (a dunite),
and the orthopyroxenite ALH84001. The basaltic shergottites represent surface lava flows, the others
magmas that solidified at depth. Shock effects correlate with these compositional types, and, in each
case, they can be attributed to a single shock event, most likely the meteorite’s ejection from Mars.
Peak pressures in the range 15 — 45 GPa appear to be a “launch window”: shergottites experienced
~30 — 45 GPa, nakhlites ~20 & 5 GPa, Chassigny ~35 GPa, and ALH84001 ~35 — 40 GPa. Two
meteorites, lherzolitic shergottite Y-793605 and orthopyroxenite ALH84001, are monomict breccias,
indicating a two-phase shock history in foto: monomict brecciation at depth in a first impact and later
shock metamorphism in a second impact, probably the ejection event.

Crystallization ages of shergottites show only two pronounced groups designated Sy (~175 Myr),
including 4 of 6 dated basalts and all 3 lherzolites, and S (330 — 475 Myr), including two basaltic
shergottites and probably a third according to preliminary data. Ejection ages of shergottites, defined
as the sum of their cosmic ray exposure ages and their terrestrial residence ages, range from the oldest
(~20 Myr) to the youngest (~0.7 Myr) values for Martian meteorites. Five groups are distinguished
and designated Sppo (one basalt, ~20 Myr), St (two lherzolites of overlapping ejection ages, 3.94 +
0.40 Myr and 4.70 &+ 0.50 Myr), S (four basalts and one lherzolite, ~2.7 — 3.1 Myr), Sp,aG (two
basalts, ~1.25 Myr), and Sg (the youngest basalt, 0.73 £ 0.15 Myr). Consequently, crystallization
age group S; includes ejection age groups Sy, Sg and 4 of the 5 members of S, whereas S, includes
the remaining member of S and one of the two members of Sp,g. Shock effects are different for
basalts and lherzolites in group S/S;. Similarities to the dated meteorite DaG476 suggest that the
two shergottites that are not dated yet belong to group S;. Whether or not S; is a single group is
unclear at present. If crystallization age group S represents a single ejection event, pre-exposure on
the Martian surface is required to account for ejection ages of St that are greater than ejection ages of
S, whereas secondary breakup in space is required to account for ejection ages of Sg less than those
of S. Because one member of crystallization age group S; belongs to ejection group S, the maximum
number of shergottite ejection events is 6, whereas the minimum number is 2.

Crystallization ages of nakhlites and Chassigny are concordant at ~1.3 Gyr. These meteorites
also have concordant ejection ages, i.e., they were ejected together in a single event (NC). Shock
effects vary within group NC between the nakhlites and Chassigny.

The orthopyroxenite ALH84001 is characterized by the oldest crystallization age of ~4.5 Gyr.
Its secondary carbonates are ~3.9 Gyr old, an age corresponding to the time of Ar-outgassing from
silicates. Carbonate formation appears to have coincided with impact metamorphism, either directly,
or indirectly, perhaps via precipitation from a transient impact crater lake.

MM Chronology and Evolution of Mars 96 105-164, 2001.
‘v © 2001 Kluwer Academic Publishers.
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The crystallization age and the ejection age of ALH84001, the second oldest ejection age at
15.0 £ 0.8 Myr, give evidence for another ejection event (O). Consequently, the total number of
ejection events for the 16 Martian meteorites lies in the range 4 — 8.

The Martian meteorites indicate that Martian magmatism has been active over most of Martian
geologic history, in agreement with the inferred very young ages of flood basalt flows observed in
Elysium and Amazonis Planitia with the Mars Orbital Camera (MOC) on the Mars Global Surveyor
(MGS). The provenance of the youngest meteorites must be found among the youngest volcanic
surfaces on Mars, i.e., in the Tharsis, Amazonis, and Elysium regions.

Keywords: shock effects, crystallization ages, cosmic ray exposure ages, ejection ages, provenance

1. Introduction

The clan of Martian meteorites, formerly called SNCs after Shergotty, Nakhla and
Chassigny, now consists of 16 unpaired meteorites of magmatic origin (basalts and
ultramafic cumulates). Generally young crystallization ages (with the exception of
one pyroxenite), characteristic isotopic compositions of C, N, O, and noble gases,
as well as distinct major and trace element concentrations, distinguish them from
all other differentiated meteorites (McSween, 1994; Clayton and Mayeda, 1996;
Dreibus and Winke, 1987; Winke and Dreibus, 1988; Winke, 1991). The most
convincing evidence for the Martian origin of these rocks is given by isotopic
measurements of trapped gases in shock-melted glass of shergottites. It was found
that the isotopic composition of these gases is indistinguishable from Martian at-
mosphere within the measurement errors of the mass spectrometer on board the
Viking lander (e.g., Bogard and Johnson, 1983; Becker and Pepin, 1984; Swindle
et al., 1986; Marti et al., 1995).

Those who have followed the development of the hypothesis of the Martian
origin of these meteorites will recognize that much of the early information about
them was obtained in attempts to verify that hypothesis. Once the determination of
probable Martian origin had been made, observations about the meteorites could
be generalized to become probable observations about Mars. Efforts to do so are
hampered to variable degrees by lack of knowledge of the geologic settings from
whence the meteorites came. This is also true of the radiometric age data.

The young radiometric ages of shergottites, first observed for the type example,
Shergotty, by Geiss and Hess (1958), were among the first lines of evidence cited
in support of their origin on a planetary-sized body, probably Mars (Nyquist et al.,
1979b; Wasson and Wetherill, 1979). However, some characteristics of the analyt-
ical data seemed to violate criteria developed for unambiguous interpretation of
radiometric ages as igneous crystallizaton ages. In particular, the Rb-Sr and>°Ar-
40Ar ages were discordant (Nyquist et al., 1979a; Bogard et al., 1979). Moreover,
the Rb-Sr data showed considerable “scatter” about the best fit isochron. Thus, it
did not initially appear possible to interpret the ~165 Myr Rb-Sr age of Shergotty,
for example, as the crystallization age, particularly, since the ¥ Ar-**Ar age of a
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plagioclase separate was older at ~250 Myr. Considerable experience with dating
lunar samples had shown that although 3°Ar-*°Ar ages of bulk samples could be
biased low due to diffusive loss of “°Ar, 3°Ar-*°Ar ages of plagioclase separates
generally gave reliable crystallization ages. Thus, the Rb-Sr age was initially in-
terpreted as likely reflecting the time of a thermal metamorphism. Because the
shergottites were more highly shocked than almost all other meteorites or lunar
samples, initial attention was given to post-shock thermal metamorphism as the
agent for resetting both types of ages (Nyquist et al., 1979a; Bogard et al., 1979).
It has since been established that neither post-shock thermal metamorphism nor
shock transformations of mineral phases are adequate to reset the Rb-Sr isotopic
system. Thus, the possibility of shock resetting of the radiometric ages appears to
have been a false lead.

Radiometric ages determined by other methods often were discordant also, and
contributed to the confusion about the ages of shergottites. Here, it is sufficient
to note that isotopic heterogeneities occurring within the rocks over distances of
centimeters appear to complicate the isotopic data. For example, the existence of
heterogeneity in initial 3’ Sr/%6Sr between different samples of Zagami was shown
by Nyquist er al. (1995). Papanastassiou and Wasserburg (1974) had observed a
similar heterogeneity in initial 8’Sr/36Sr for Nakhla much earlier. They took their
observation as evidence that the Rb-Sr age of 1.30+ 0.02 Gyr that they determined
separately for two samples of Nakhla was an age of metamorphism rather than
an igneous crystallization age. (Here, as elsewhere in this paper, we use the value
of the ¥Rb decay constant recommended by Minster et al. (1982); i.e., Ag; =
1.402 x 10~ yr~1). Gale et al. (1975) obtained apparently well-defined, concor-
dant, isochrons for two additional samples of Nakhla. They interpreted the isochron
age for their total data set, 1.23 £ 0.01 Gyr, as the age of igneous crystallization.
The present authors agree with that interpretation, but the issue of possible sample
heterogeneity exists. The two samples studied by Papanastassiou and Wasserburg
(1974) were obtained from separate sources, and weighed 0.7 g and 2.3 g, respec-
tively (D. Papanastassiou, personal communication). The samples studied by Gale
et al. (1975), also from two different sources, weighed 13 g and 18 g, respectively.
It is possible that the larger samples used by Gale et al. (1975) effectively averaged
out isotopic heterogeneity that could exist in Nakhla over small distances.

In spite of uncertainties in interpreting the isochron data, the early isotopic data
of both Nakhla and Shergotty showed unambiguously that they were “young” by
meteorite standards. For Nakhla, the evidence was Rb-Sr model ages in the range
of 2.5 — 3.6 Gyr, calculated relative to the initial 8’ Sr/3Sr of the solar system (Pa-
panastassiou and Wasserburg, 1974; Gale et al., 1975). These model ages provide a
strict upper limit to the formation age of Nakhla. The Rb-Sr model ages of shergot-
tites are ~4.5 Gyr, indicative of the time of chemical differentiation of their parent
body. Nyquist ez al. (1979b) found the Sm-Nd model ages of three shergottites rel-
ative to initial '*Nd/!"**Nd of the solar system to be only ~2.8 — 3.6 Gyr, however.
These Sm-Nd model ages also provide a strict upper limit to the formation ages
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of the meteorites, and they are especially remarkable in that they imply significant
fractionation of the Sm/Nd ratios of the meteorites from chondritic values, which
normally is not achieved in “simple” magmatic processes. Thus, these young model
ages clearly pointed to “late” and complex magmatic activity on the parent body of
the shergottites.

Another feature of the shergottites that makes them somewhat unusual among
stony meteorites is their relatively young cosmic ray exposure (CRE) ages. Such
ages are determined from the accumulation of nuclides spalled from target nuclides
in the meteorites by high energy cosmic ray interactions. Spallation nuclides that
are stable against radioactive decay accumulate continually at production rates that
are a function of the chemical composition of the meteorite and of changes in the
energy spectrum of primary and secondary cosmic rays as a function of the size
of the meteoroid and the depth of the meteorite within it. Spallation radionuclides
that undergo radioactive decay accumulate only to equilibrium levels at which they
decay at the same rate at which they are produced. The production rates of stable
nuclides can be determined either theoretically using nuclear cross section data,
or empirically from the equilibrium activities of closely related radionuclides for
which the ratio of the production rate to that of the stable nuclide is known. Deter-
mination of stable noble gas CRE ages, for example, require mass spectrometric
techniques similar to those required for *Ar-*0Ar age dating, so stable noble gas
CRE ages often are determined in the same investigations as those in which’Ar-
40Ar ages are determined. An early study of four shergottites, Shergotty, Zagami,
ALH77005, and EET79001 (Bogard et al., 1984) showed that, whereas three of
them had very similar apparent exposure ages of ~2-3 Myr, one (EET79001) had
a much lower apparent exposure age, < 1 Myr. One possible explanation was that
the actual exposure age of EET79001 was the same as that of the others, but that the
production rate of stable nuclides was lower in EET79001 because it was located
deeper in a large meteoroid, where the effective flux of primary cosmic rays was
attenuated by about a factor of 3—4. A variation of this scenario is that EET79001
was initially part of a very large meteoroid, and was essentially totally shielded
from cosmic rays for most of its lifetime in space. With acquisition of additional
data for both stable and radionuclides, both of these explanations have fallen into
disfavor. The currently accepted interpretation of the spallogenic nuclide data is
that exposure to cosmic rays was initiated by excavation of the meteorites from
depths on Mars that were completely shielded from the effects of cosmic rays, and
thus that the CRE ages plus the time the meteorites have been on Earth give directly
the time since they were ejected from Mars (cf. Eugster et al., 1997b). However,
the young CRE age of EET79001 presents a problem when viewed in the context
of its crystallization age, and its apparent relationship to the other shergottites.

Thus, the earlier interpretation of the Rb-Sr and ** Ar-**Ar ages for shergottites
of ~180 Myr and ~250 Myr, respectively, as giving the time of shock metamor-
phism during their ejection from Mars as large blocks to be broken up in later
secondary collisions (cf: Shih et al., 1982) is no longer favored by the majority of
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of meteoriticists. Also, a steadily increasing number of Sm-Nd ages have been ob-
tained that are concordant with the Rb-Sr age for the same meteorite. Furthermore,
IAr-Ar ages can be explained by the presence of excess, non-radiogenic “*Ar
from a variety of sources. These problems have been much less acute for the other
types of Martian meteorites, for which the ages are comparatively well defined.

The desire to find possible mechanisms for launching Martian meteorites and
for metamorphic resetting of the radiometric ages of shergottites stimulated thor-
ough investigations of their shock-metamorphic features. These shock features of
the meteorites provide insight into the environment of the rocks when they were
ejected from Mars. Furthermore, the original igneous textures of their minerals
provide insight into the environments in which the rocks originally crystallized.
For example, mineral textures are influenced by the cooling rate of the rock during
crystallization, which in turn is influenced by the thickness of a magma flow. Thus,
observable features in the meteorites themselves tell us some things about their
geologic setting at key points in their histories.

Because the Martian meteorites are the only samples from Mars currently avail-
able for laboratory studies, their properties are of great importance to understand
the formation and evolution of our neighboring planet. In this review we summarize
their crystallization and cosmic ray exposure ages, compare the shock levels to
which they have been exposed, and briefly consider the implications of those data
for the meteorites’ provenance and for Martian evolution. But, first we describe the
mineralogical and geochemical characteristics of the meteorites themselves.

2. Mineralogy, Petrography, and Geochemistry

According to their mineralogical composition and textural characteristics, the Mar-
tian meteorites represent igneous rocks of basaltic and ultramafic provenance. They
appear to have crystallized either in lava flows as volcanic rocks or in mafic,
probably shallow, intrusions as plutonic ultramafic rocks. They are divided into
shergottites, consisting of a basaltic and a lherzolitic subgroup, nakhlites (clinopy-
roxenites), chassignites (dunites), and orthopyroxenites. Chassigny and ALH84001
are the only dunite and orthopyroxenite in the latter two groups (Figure 1). In
the following, we describe the mineralogy, petrography, and geochemistry of the
various Martian meteorites. For more details, the reader is referred to the review
article by McSween (1994) and to the Mars Meteorite Compendium (Meyer, 1998).

2.1. BASALTIC SHERGOTTITES

The meteorites Shergotty, Zagami, EETA79001, QUE94201, Dar al Gani 476, and
Los Angeles, as well as the recently found Dhofar 019 and Sayh al Uhaymir 005,
belong to the group of basaltic shergottites. These rocks predominantly consist
of augite and pigeonite, typically showing a strong irregular chemical zoning to-
wards an Fe-rich rim, and of plagioclase in the form of shock-induced diaplectic
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[ Martian Meteorites
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Sayh al Uhaymir
005

Figure 1. Classification of Martian meteorites (modified after Stephan et al., 1999).

glass (maskelynite). Minor components are pyrrhotite, whitlockite, ilmenite and
titanomagnetite (McSween, 1994). Pyroxene often contains small rounded to sub-
rounded melt inclusions of kaersutite, spinel, and sulfides in a Si-rich glassy or
microcrystalline groundmass, interpreted as trapped original melt (e.g., Treiman,
1985). EETA79001 contains two basaltic lithologies, termed A and B. The main
differences between these units are the small grain size and the occurrence of
olivine xenocrysts, orthopyroxene, and chromite in lithology A. Besides formation
by simple mixing of basaltic liquids, it was suggested that lithology A repre-
sents an impact melt (Mittlefehldt et al., 1997). Among the basaltic shergottites,
only Dar al Gani 476 and Sayh al Uhaymir 005 have some similarities to lithol-
ogy A of EETA79001, containing large xenocrysts of olivine set into a matrix of
clinopyroxene and maskelynite (Zipfel et al., 2000; Grossman, 2000). The basaltic
shergottites, except QUE94201 and Los Angeles, show a cumulate texture with
mostly preferred orientations of the pyroxenes. However, the relatively small grain
size of the pyroxenes and the petrographic similarities among the meteorites sug-
gest that the alignment may have occurred by lava flow rather than by accumulation
in a subsurface magma chamber (McCoy et al., 1992; McSween, 1994).

Compared to terrestrial basalts, the basaltic shergottites are characterized by a
high Fe/(Fe+Mg) ratio and low Al,O3 concentrations. All meteorites of this group
have complex rare Earth element (REE) patterns with distinct depletions of light
REE (LREE) but without a clear Eu anomaly. Except for water, all volatile elements
are enriched (Winke and Dreibus, 1988; Lodders, 1998; Zipfel et al., 2000; Rubin
et al., 2000). Initial Sr, Nd, and Pb isotopic compositions are variable among the
basaltic shergottites, possibly reflecting different stages of mixing Martian crust
with an isotopically homogeneous magma.
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2.2. LHERZOLITIC SHERGOTTITES

Three shergottites (ALH77005, LEW88516, and Y-793605) are lherzolitic as they
contain <10 vol.% plagioclase. They are composed of relatively coarse-grained
anhedral to euhedral olivine and chromite enclosed by large orthopyroxene crystals
(Harvey et al., 1993; McSween, 1994; Mikouchi and Miyamoto, 1997). Interstices
are filled with accessory phases, i.e. maskelynite, pigeonite, augite, and whitlock-
ite. The Fe-Mg-silicates of this suite of ultramafic rocks are much more magnesian
than those of the basaltic shergottites, and an observed chemical disequilibrium
between coexisting olivine and pyroxene gives evidence for non-linear cooling
(Harvey et al., 1993). High concentrations of Fe’T in chromites suggest high
oxygen fugacity during crystallization. Similarly to the basaltic shergottites, the
lherzolitic ones are depleted in LREE (Dreibus et al., 1982). However, the compo-
sition of radiogenic Sr isotopes in ALH77005 and LEW88516 shows that the two
rocks crystallized from different magma sources (Borg et al., 1998a, 1998b).

2.3. NAKHLITES

The group of nakhlites contains the three clinopyroxenites Nakhla, Lafayette, and
Governador Valadares. They consist of Mg-rich augite and Fe-rich olivine set into
a microcrystalline groundmass of mostly radiating crystalline plagioclase, which
has not been transformed into maskelynite by shock, pigeonite, ferroaugite, titano-
magnetite, pyrite, troilite, chlorapatite, and sometimes SiO;-rich glass. In addi-
tion, they contain phyllosilicates (iddingsite) and evaporite mineral assemblages
of secondary, but Martian, origin confirming the presence of liquid water on Mars
(Gooding et al., 1991; Bridges and Grady, 2000; Swindle et al., 2000).

All three meteorites are cumulates, and lamellar inclusions of augite and mag-
netite in olivine from Nakhla and Governador Valadares confirm slow cooling
under highly oxidizing conditions (Mikouchi and Miyamoto, 1998). In addition,
olivine frequently contains small melt inclusions compositionally representing a
major and distinct type of Martian magma.

All nakhlites have moderately high contents of volatiles and are enriched in
LREE. The almost identical initial Sr and Nd isotopic composition of nakhlites is
distinct from that of the shergottites, indicating that the two types of rocks formed
from different parent magmas (Nakamura et al., 1982b; McSween, 1994).

2.4. CHASSIGNY

Chassigny is the only dunite among the Martian meteorites, and consists of 90%
Fe-rich olivine (Fa.3,), 5% pyroxene, 2% feldspar (An.,o; maskelynite), and 3%
accessory phases (Floran er al., 1978). High concentrations of Fe** in chromite
as well as lamellar exsolutions in olivine indicate crystallization at high oxygen
fugacity and low cooling rates (Floran er al., 1978; Greshake et al., 1998). Its
cumulus fabric indicates a fractional crystallization of a mafic magma body.
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Chassigny is enriched in LREE but shows no Eu anomaly. While this pattern is
distinct from those of nakhlites, excluding a formation from the same magma, the
initial Sr isotope compositions of Chassigny and nakhlites are identical (Nakamura
et al., 1982a; McSween, 1994).

2.5. ALH84001

ALHB84001 is a coarse-grained brecciated orthopyroxenite with a modal compo-
sition of 96% orthopyroxene, 2% chromite, 1% plagioclase (maskelynite), and
0.15% phospate. Accessory phases are augite, olivine, pyrite and Fe-Mg-Ca-carbo-
nates (Mittlefehldt, 1994). Texturally, ALH84001 is dominated by up to 6 mm long
orthopyroxene crystals joined at 12(P triple junctions and poikilitically enclosing
Fe?t-rich euhedral chromites (Berkley and Boynton, 1992; Mittlefehldt, 1994;
McSween, 1994). Maskelynite and rarely chromite occur interstitially between
orthopyroxene. Predominantly along fractures and in cataclastic areas, composi-
tionally strongly zoned carbonates are found, often forming characteristic globules
that appear either as concentric spherules or as flat “pancakes” (e.g., McKay et
al., 1996). Many carbonates resemble a “bull’s-eye” with a center of dolomite-
ankerite surrounded by concentric bands of siderite, magnesite, and sulfide, but
they come in a multitude of varieties (Scott et al., 1998). High-resolution Scanning
Electron Microscope (SEM) images revealed worm-like features in the carbonates.
Additionally, the morphologies of some magnetite grains in the carbonates resem-
ble those formed by magnetotactic bacteria, and relatively high concentrations of
polycyclic aromatic hydrocarbons (PAHs) have been found. From these observa-
tions, McKay et al. (1996) concluded early biologic activity was present on Mars.
Meanwhile, various other non-biogenic formation mechanisms of the carbonates
and magnetite assemblage have been proposed, including impact origin (Harvey
and McSween, 1996; Scott et al., 1998; Scott, 1999) and flood-evaporite formation
(McSween and Harvey, 1998; Warren, 1998). The high concentrations of PAHs,
present in all textural units of ALH84001 (Stephan et al., 1998, 1999), could also
be due to terrestrial contamination (Becker et al., 1997; Jull et al., 1998).

ALH84001 is depleted in the LREE and has a negative Eu anomaly. Its very
low concentrations of siderophile elements led to the development of a model for
the Martian mantle depleted in siderophile elements (Dreibus et al., 1994).

2.6. ENVIRONMENTS OF IGNEOUS CRYSTALLIZATION

2.6.1. Basaltic Shergottites

The textures of the basaltic shergottites are consistent with those expected for
surface flows of basaltic lava. McCoy et al. (1992) suggested that Zagami was
the product of a two-stage magmatic history. The first stage occurred in a slowly
cooling magma chamber. The presence of amphibole in the cores of pyroxene crys-
tals requires pressures equivalent to depths >7.5 km on Mars. During the second
stage, pyroxene crystals were entrained into a magma that either intruded to the
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near surface and cooled in a relatively thin dike or sill, or extruded to the surface
and crystallized in a lava flow >10 m thick. This two-stage scenario is consistent
with observations of volcanic constructs and flows in the Tharsis region of Mars.

2.6.2. Lherzolitic Shergottites

Detailed investigations of lherzolitic textures revealed a preferred crystallographic
orientation of olivine, proving that the lherzolitic shergottites are real cumulates,
formed in a plutonic sub-surface environment (Berkley and Keil, 1981; McSween,
1994). Ikeda (1994) suggested that the compositional discontinuities among the
four zoning types of chromite in ALH77005 arise from magma mixing in shal-
low magma reservoirs on Mars. Their crystallization histories, as reconstructed
by Harvey et al. (1993) and McSween (1994), require varying degrees of pro-
longed cooling to allow olivine to reequilibrate at comparatively low temperature.
On Earth, lherzolites crystallize either at depths of >8 km (mantle rocks) or as
cumulates in large magma chambers. Harvey et al. (1993) concluded that the trace
element and minor element patterns of LEW88516 and ALH77005 minerals were
essentially identical and consistent with large-volume, closed-system fractional
crystallization followed by localized crystallization of isolated melt pockets.

2.6.3. Nakhlites (Clinopyroxenites)

The cumulate textures of the nakhlites, combined with the presence of lamellar
inclusions of augite and magnetite, require slow cooling under highly oxidizing
conditions. These textures, especially those of Nakhla and Governador Valadares,
are analogous to those of terrestrial augite-rich igneous cumulate rocks of the
Abitibi greenstone belt of northern Ontario (Treiman, 1987), where augite cumu-
lates comprise the lower half of a 125 m thick flow. Augite cumulates in the middle
third of a 300 m thick sill have little mesostasis, giving them textures more compa-
rable to those of Lafayette. Treiman (1987) concluded from these comparisons that
the nakhlites crystallized in thick flows, >125 m thick, or in shallow intrusions,
probably less than 1 km deep, of basaltic or picritic magmas. He noted that volca-
noes with thick lava flows and evidence of shallow intrusions were common in the
Tharsis region of Mars. Furthermore, greenstone belt volcanism may be related to
mantle hot spots, another potential analogy to the Tharsis region.

2.6.4. Chassigny (Dunite)

The texture and high modal abundance of olivine suggest that Chassigny is a cu-
mulate, also. Floran et al. (1978) described the crystallization history as similar to
that of nakhlites, except that olivine is much more abundant, and chromite, absent
from naklites, crystallizes early. These characteristics suggest that Chassigny and
the nakhlites might represent different parts of the same or similar layered igneous
complexes. From their REE abundances, Wadhwa and Crozaz (1994) concluded
that they could not have crystallized from the same magma, however.
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2.6.5. ALHS84001 (Orthopyroxenite)

Mittlefehldt (1994) interpreted the orthopyroxene and chromite in ALH84001 as
cumulus phases. Their textural features indicate slow cooling either during mag-
matic crystallization, or metamorphic recrystallization, or both. Mineral compo-
sitions in ALH84001 are similar to those of lherzolitic shergottites or nakhlites.
Mittlefehldt (1994) cited the uniform pyroxene compositions, unusual for Martian
meteorites, as indicating that ALH84001 cooled more slowly than did the shergot-
tites, nakhlites, or Chassigny; i.e., it formed at greater depth than they did. Kring
and Gleason (1997) argued that the orthopyroxene-silica assemblage present in
ALHS84001 corresponded to magmatic temperatures of ~1400 — 1470°C, and to a
static pressure of ~0.5 GPa, equivalent to a depth of ~40 km on Mars. Gleason et
al. (1997) noted that its texture was reminiscent of those of cataclastic anorthosites
from the ancient, heavily-cratered, lunar highlands. They, like Treiman (1995b),
suggested that at least some of the secondary carbonate formed by replacement
of plagioclase, and cite textural evidence as showing this occurred after plagio-
clase had been converted to maskelynite. Kring et al. (1998) concurred in that
suggestion, noting that it implied formation of the carbonate after 3.92 + 0.04 Gyr
ago, the time of Ar-degassing of plagioclase according to Turner et al. (1997).
However, Scott (1999) alternatively suggested that the original carbonates formed
as evaporite deposits, probably prior to impact heating ~4 Gyr ago, when episodic
floods were more common. He suggests that preservation of the carbonates for
~4 Gyr was aided by the impact, which sealed up the carbonate-bearing fractures
and pores, making the rock less pervious to later infiltration of fluids.

3. Shock Metamorphism

3.1. EVIDENCE OF SHOCK

Itis generally agreed that the Martian meteorites have been ejected from the planet’s
surface by large-scale impacts. The ejection velocity must have exceeded the es-
cape velocity of Mars, which is about 5 km/s. Material accelerated by a shock wave
to >5 km/s should be in a molten state according to basic shock wave physics.
The fact that all known Martian meteorites are solid though strongly shocked rock
fragments prompted Melosh (1984) to develop a model of the ejection process
in which a special spallation mechanism provides most of the required ejection
velocity for rock fragments ejected from a thin, uppermost layer of the impacted
target without melting them. Although alternative mechanisms have been proposed
(Nyquist, 1983; O’Keefe and Ahrens, 1986), this model has been widely accepted.
The originally proposed spallation mechanism (Melosh, 1984) required the parent
craters of the meteorites to be larger than ~10 km in diameter. Recent refinements
of the model have reduced the size limit to >3 km (Head and Melosh, 2000).

As expected from the impact and ejection model for the origin of the Martian
meteorites, the imposed extreme physical conditions caused significant changes in
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the textures, mineralogy, and possibly even the isotopic compositions of constituent
mineral phases. It even led to a shock- induced implantation of Martian atmo-
spheric gases into the meteorites (Duke, 1968; Stoffler ez al., 1986; Bogard et al.,
1986; Wiens and Pepin, 1988; McSween, 1994). The important obervation is that
all Martian meteorites are moderately to strongly shock metamorphosed by shock
pressures ranging between about 15 and 45 GPa. The understanding of the type
and intensity of shock metamorphism of Martian meteorites is thus essential for
the interpretation of the ejection and possible impact-induced relocation processes,
which relate to some extent to the problem of the geological provenance, and to the
interpretation of analyzed isotope systems, which may be disturbed by shock.

It has been recognized since the pioneering studies of Tschermak (1872) that
shergottites and some other achondrites are severely shocked (Binns, 1967; Duke,
1968). Although shock effects in meteorites were known before the Martian origin
of the SNC meteorites was suspected (e.g., Wood and Ashwal, 1981), the Martian
origin hypothesis gave new impetus to their study. The degree of shock metamor-
phism in shergottites was first studied quantitatively on Shergotty (Lambert and
Grieve, 1984; Stoffler et al., 1986). In all shergottites the constituent minerals
display specific, more or less similar shock effects, well known from naturally and
experimentally shocked terrestrial, lunar, and meteoritic rocks (Stoffler, 1972; Stof-
fler et al., 1988; Bischoff and Stoffler, 1992). Pyroxene shows strong mosaicism,
mechanical twinning, shear fractures and various lattice defects such as high dis-
location densities revealed in the Transmission Electron Microscope (TEM; e.g.,
Miiller, 1993). Olivine, if present, is affected by strong mosaicism, deformation
bands, planar fractures, planar deformation features and high dislocation densities
(e.g., Greshake and Stoffler, 1999, 2000). Ostertag et al. (1984) attributed the
brown staining of olivine in ALH77005 to a shock-induced oxidation of iron to
Fe’*. Plagioclase is transformed to diaplectic glass (maskelynite) and retains its
primary crystal shape. Based on the experimentally calibrated refractive index of
maskelynite, the peak shock pressure (final equilibrium shock pressure) of the host
meteorite can be deduced (Stoffler et al., 1986).

A typical feature of the shergottites is the presence of shock-produced veins and
melt pockets caused by local pressure and temperature excursions of presumably
up to 60 — 80 GPa and 2000 °C (Stoffler er al., 1986). These pressure estimates are
based on experimental data (Kieffer et al., 1976; Schaal and Horz, 1977; Schmitt,
2000). In addition, high pressure phases such as very dense post-stishovite poly-
morphs of SiO; have been discovered in Shergotty (Sharp et al., 1999; El Goresy
et al., 2000). It has to be pointed out that these high pressures were only produced
very locally and do not represent the equilibration pressure as previously sug-
gested (Sharp er al., 1999). Recently, an assemblage of omphacite, stishovite and
KAISi;Og-hollandite was found in a shock vein of Zagami, indicating crystalliza-
tion of these phases during decompression between 25 and 50 GPa (Langenhorst
and Poirier, 2000). Also, the high-pressure polymorphs of olivine and pyroxene,
ringwoodite and majorite, were tentatively reported from a melt vein in the basaltic
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shergottite EETA79001 (Steele and Smith, 1982). However, unambiguous identifi-
cation of these two phases has failed so far (Boctor et al., 1998). Moreover, the melt
pockets in some Martian meteorites are obviously the host regions of gases of the
Martian atmosphere that were first detected in EETA79001 (Bogard and Johnson,
1983; Becker and Pepin, 1984). These gases must have been implanted during
shock metamorphism of the meteorite precursor rocks near the Martian surface.
Experimental studies on shock implantation show that shock can relatively easily
incorporate an ambient gas phase into solid material, even at temperatures well
below melting (Bogard er al., 1986; Wiens and Pepin, 1988).

Refractive index measurements of maskelynite gave quantitative estimates of
the peak shock pressure for some shergottites: Shergotty: 29 + 1 GPa (Stoffler et
al., 1986), Zagami: 31 £ 2 GPa (Stoffler et al., 1986; Langenhorst et al., 1991),
EET79001: 34 + 2 GPa (Lambert, 1985), ALH77005: 43 + 2 GPa (McSween and
Stoffler, 1980). For other shergottites the values, based on the overall shock effects
in plagioclase, olivine, and pyroxene, and on the presence and abundance of local-
ized melts, are less accurate: Dar al Gani 476: probably 30 — 35 GPa (Greshake and
Stoffler, 1999, 2000), QUE94201: 30 — 35 GPa, Los Angeles: 35 — 40 GPa, Dhofar
019: 35 — 40 GPa, Sayh al Uhaymir: 35 — 40 GPa, LEW88516: ca. 40 — 45 GPa
(“strongly shocked”, Keller et al., 1992), Y793605: ca. 40 — 45 GPa. All estimated
peak shock pressures of shergottites are summarized in Table I, along with the
estimated post-shock temperatures.

Considering the range of shock pressures observed in shergottites, it is con-
spicuous that the basalts were all affected by similar shock pressures in the range
of ~30 — 35 GPa, whereas the lherzolites reveal somewhat higher shock pressure
(~40 — 45 GPa). Also, Ott and Lohr (1992) noted that the “He content of lher-
zolite LEW88516 indicates complete loss of radiogenic “He acquired prior to its
ejection from Mars ~3 Myr ago, consistent with its high post-shock temperature
of ~600 °C (Table I). The type and homogeneity of shock damage observed in the
constituent minerals of the basaltic shergottites indicates that each of them was
affected by only one impact event (Stoffler er al., 1986; Miiller, 1993). This seems
to be different for the lherzolitic shergottites, as observed for Y793605, which has
been brecciated by a first impact and shock metamorphosed by a second impact.
The three nakhlites are less intensely affected by shock metamorphism than the
other Martian meteorites. Only weak undulatory extinction and a rather low dislo-
cation density in olivine as well as entirely birefringent plagioclase suggest a peak
shock pressure of ~<20 £ 5 GPa (Bunch and Reid, 1975; Greshake, 1998).

Shock metamorphism in Chassigny was investigated in detail by optical and
transmission electron microscope (Langenhorst and Greshake, 1999). Conversion
of feldspars to diaplectic glass (maskelynite), the clino-/orthoenstatite inversion,
strong mosaicism of olivine, and the activation of numerous planar fractures and c-
dislocations in olivine are among the shock effects. High-resolution TEM revealed
additionally the coexistence of planar fractures with discontinuous fractures in
olivine. These findings point to a shock pressure of about 35 GPa.
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TABLE1

Estimates of the peak shock pressure (final equilibration shock pressure) and the overall
post-shock temperature increase in Martian meteorites. Data from Stoffler er al. (1986)
and Stoffler (2000) except for Sayh al Uhaymir 005, Los Angeles, and Dhofar (this paper).

Meteorite Shock pressure (GPa) Post-shock temperature™
Shergotty 2941 200 £ 20
Zagami 31£2 220 + 50
EETA 79001 3442 250 £+ 50
QUE9%4201 ~30-35 ~200 — 350
Dar al Gani 467 ~35-40 ~350 — 450
Los Angeles ~35-40 ~350 — 450
Dhofar 019 ~35-40 ~350 — 450
Sayh al Uhaymir 005 ~35-40 ~350 — 450
ALHA77005 43+2 ~450 — 600
LEW88516 ~45 ~600
Y793605 ~45 ~600
ALH84001 ~35-40 ~300 — 400
Nakhlites ~20 (£5) ~100
Chassigny ~35 ~300

*Relative to ambient pre-shock temperature.

In the orthopyroxenite ALH84001, shock metamorphism is documented by
complex textures, such as localized brecciation in fine-grained shear zones, strong
mosaicism and numerous irregular fractures in orthopyroxene, and by the conver-
sion of all plagioclase to maskelynite. While Mittlefehldt (1994) explained these
effects by a single impact event, Treiman (1998) invoked up to five impacts. We be-
lieve that the presence of maskelynite in both brecciated and non-brecciated regions
indicates that at least two impact events are required: A first weak shock event pro-
ducing the brecciation and a subsequent stronger shock event which transformed
plagioclase to maskelynite throughout the whole rock.

3.2. ENVIRONMENTS AND IMPLICATIONS OF SHOCK METAMORPHISM

The observed shock metamorphism of Martian meteorites has important implica-
tions for their impact and ejection history and for their geologic provenance, if the
geologic settings of their magmatic formation processes are taken into account.
Summarizing the essential observations leads us to some general conclusions.

All Martian meteorites are moderately to severely shocked (Table I, Figure 7),
with effects being homogeneously distributed throughout the rocks. These shock
effects can be attributed to one specific event in each case, most probably the
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ejection event. A single stage shock history is implied for all basaltic shergot-
tites and most likely for the nakhlites and for Chassigny. However, some of the
ultramafic “plutonic” rocks such as lherzolitic shergottite Y-793605 and orthopy-
roxenite ALH84001 are shocked monomict breccias indicating a two-stage shock
history: In a first impact, the rocks are brecciated at very low shock pressure at
depth and relocated to the surface during the same event as commonly observed
in terrestrial impact craters such as the Ries (e.g., Pohl et al., 1977). The trans-
formation of plagioclase to maskelynite indicates strong shock metamorphism in a
second impact, most probably the ejection event. Although clear evidence for the
two remaining lherzolitic basalts and for the nakhlites/chassigny group is unavail-
able, an impact-induced relocation of the“plutonic” ultramafic Martian meteorites
from their primary deep-seated magmatic setting is highly plausible.

The second fundamental observation relates to the ranges of observed shock
pressures for all the Martian meteorites and for particular groups of them (Table I,
Figure 7). Although exact values are not yet available, we recognize 1) that the
observed shock pressures are restricted to a range of about 15 to 45 GPa, and 2) that
the basaltic shergottites range from about 30 to 35 GPa, the lherzolitic shergottites
from about 40 to 45 GPa, and the nakhlites from about 15 to 25 GPa. This means
that unshocked meteorites as well as shock-fused meteorites are lacking and that
the observed 15-45 GPa range may be viewed as a typical “launch window” for
Mars. The lower limit may indicate that unshocked rocks and rocks shocked to
pressures lower than the Hugoniot Elastic Limit cannot be ejected, in contrast to
what has been proposed by Melosh (1995), Mileikowsky er al. (2000), and Weiss
et al. (2000). The upper limit indicates that melt ejecta are too much dispersed
and, hence, too small to survive as meteoroids. Comparing meteorites from Mars,
the Moon, and the eucrite parent body, it seems that the observed range of shock
metamorphism related to the ejection event is a function of the size of the parent
planetary body and therefore of the magnitude of the escape velocity: The present
data indicate that lunar meteorites are shocked below about 20 GPa (Bischoff and
Stoffler, 1992; Greshake et al., 2001), and meteorites of the eucrite-howardite-
diogenite group, possibly originating from the 550 km diameter asteroid Vesta, are
at most mildly shocked, i.e. below ~5-10 GPa (Metzler et al., 1995).

A third implication of the observed shock metamorphism of Martian meteorites
relates to the size of the precursor meteoroids and to their ejection ages. As known
from terrestrial craters such as the Ries crater (Pohl er al., 1977; Stoffler and
Ostertag, 1983; von Engelhardt and Graup, 1984), the size of displaced shocked
rock fragments is inversely proportional to the shock intensity. Crystalline rock
fragments in polymict breccias of the Ries shocked to the range of the Martian sher-
gottites (~30—45 GPa) do not exceed 0.5 m or so, and most sizes are ~0.1—10 cm.
Typical shock stage TIT rocks (45 — 60 GPa; Stoffler, 1984) are consistently <50 cm
in size. Additionally, distal ejecta (solid clasts) in the Ries (Reutter blocks: Upper
Jurassic limestone fragments, Pohl et al., 1977) are not only small, <~20 cm,
but are also derived from the uppermost layer of the target in agreement with
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the conditions invoked by the spallation model (Melosh, 1984). Consequently, the
lherzolitic shergottites (40—45 GPa) must have originated from ~0.1 m-sized rocks
and cannot have been ejected in one block together with those basaltic shergottites
that have the same ejection age (Figure 7a). Rather, the basalts and lherzolites may
be derived from different surface regions of the same parent crater notwithstanding
the fact that the lherzolites had to be relocated first to the surface by a previous
impact. A similar case could be made for the nakhlites and Chassigny, which also
have identical ejection and crystallization ages but different shock pressures.

The peak shock pressures experienced by the Martian meteorites are likely to be
a consequence of their geometrical relationship to “ground zero” at the moment of
the impact that is destined to launch them from the planet. The near-surface spall
model, for example, outlines rather definite relationships between the impactor, the
transient crater cavity, and the target region near ground zero (Melosh, 1984; Fig-
ure 11). Those fragments destined for ejection might be considered to constitute the
“lid” of the transient cavity; a lid destined to be blown oft. In the spallation model,
the thickness of the “lid” is given by the depth of the spall zone, and was estimated
by Warren (1994) to be 0.2—0.4 times the diameter of the projectile at a distance of
1—3 projectile radii from the the impact. Thus, the “lid” would be on the order of 50
to 100 m thick for a 10 km diameter crater. (See “Potential source terrains” later in
the paper). In the lid, peak shock pressure increases in the downward direction from
the surface, and decreases in the radial direction from ground zero. The nakhlites,
being most lightly shocked, are thus implied to have been ejected from nearest the
Martian surface, in spite of having probably crystallized near the center of a thick
flow, >~100 m thick, or in a subsurface intrusion. Chassigny, being more severely
shocked, is implied to have been ejected from a deeper region of the lid, if the
nakhlites and Chassigny were ejected simultaneously. The lherzolitic shergottites
are most highly shocked of all the Martian meteorites, and thus are expected to
come from deep within the lid, close to the melt zone. If, for example, they and
the basaltic shergottites were ejected simultaneously, the latter would have come
from nearer to the surface, consistent with being recent lava flows. The orthopy-
roxenite ALLH84001, which likely crystallized at the greatest depth of the Martian
meteorites, experienced peak shock pressure equivalent to those of the shergottites,
implying prior excavation from depth to the launch site. This is consistent with an
ancient age and origin in the Martian highlands, which probably were “gardened”
to depths on the order of a kilometer, or more (W. Hartmann, personal communica-
tion). Gardening of the surfaces of ~180 Myr old basaltic shergottite lava should
have been minimal, however, and shergottites are likely to have been ejected from
their place of emplacement as lava flows.

Finally, we note that rocks of distinctly different shock pressures, e.g. nakhlites
and Chassigny, or basaltic and lherzolitic shergottites, cannot have been ejected
from Mars in one large rock unit. Such scenarios have been proposed in order
to explain the different exposure ages within the shergottite group as due to later
break-up in space. Indeed, the limited size of strongly shocked rocks ejected from
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Figure 2. The crystallization ages of Martian meteorites separated by compositional group. The
values plotted are the “preferred ages” from Tables II and III. The oldest meteorite in the Martian
clan is ~4.5 Gyr old, and the youngest ~180 Myr old. Thus, Martian magmatism appears to have
extended over most of solar system history, a conclusion that agrees with the time span of crater
retention ages (Hartmann and Berman, 2000). The thirteen meteorites fall into only five age groups,
leaving large gaps in Martian chronology as recorded by the meteorites.

the parent crater (see above) also argues against this possibility. In the case of the
basaltic shergottites, however, the peak shock pressures are nearly equivalent, leav-
ing the comparatively large size required of the initial ejecta fragments as the pri-
mary physical limitation on secondary break-up scenarios. In later sections, we will
further discuss the issue of the number of required ejection events, in conjunction
with the problem of the geological provenance of the Martian meteorites.

4. Radiometric Ages

Radiometric ages of Martian meteorites as reported in the literature are given in
Tables II and III. We discuss the ages of individual meteorites within each of the
meteorite classes separately. For the nakhlites and Chassigny (Table II), the ages
determined by the various radiometric methods are in close agreement and present
a coherent picture of when those rocks crystallized as thick magma flows or sub-
surface sills. For the other classes of Martian meteorites, notably the shergottites
(Table III), the picture is more complicated.

Figure 2 gives an overview of those data that most reliably give the crystalliza-
tion ages of the meteorites. The 13 meteorites define only 5 separate ages, covering
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TABLE II
Summary of Radiometric Ages of Martian Meteorites: Nakhlites, Chassigny, ALH84001

Meteorite  K-Ar 39Ar-%0Ar  Rb-Sr Sm-Nd U-Th-Pb  Preferred
(Gyr) (Gyr) (Gyn) (Gyr) (Gyn) Age (Gyr)
Clinopyroxenites (Nakhlites):
Nakhla 130 £0.03 1.3b 1.234£0.01° 1.26+0.07¢ 12840059 1.27=+0.01
1.30 £+ 0.02¢ 124 +0.114
1.36 +0.02° )
Governador 1324004 132+0018 1374002 1.33+£0.01
Valadares 1.19 £0.02
Lafayette 1.33+£0.03> 1.25+0.08  1.3240.05' 1.32 £0.02
Dunite:
Chassigny 139017 132+£007% 1.22+001'  1.36+0.06™ 1.34 +0.05
Orthopyroxenite :
ALH 84001
Silicates 3.9240.10° 455+£0309 ~4.56% 4.51+0.11
407 +0.04° 3894005  4.50+0.129
4.10 £0.20°
Carbonates ~3.6! 3.90 + 0.04" 4.04£0.10" 3.92+0.04
1.41 £0.10°

References: “Stauffer (1962); YPodosek (1973); “Gale e al. (1975); ¢Nakamura et al. (1982a);
¢Papanastassiou and Wasserburg (1974); ! Bogard and Husain (1977); 8Wooden et al. (1979);
hShih et al. (1999); ! Shih er al. (1998); JLancet and Lancet (1971); KBogard and Garrison (1999);
'Nakamura et al. (1982b); ™ Jagoutz (1996); "Turner et al. (1997); °lig et al. (1997); PBogard and
Garrison (1999); 9Nyquist er al. (1995); "Wadhwa and Lugmair (1996); *Jagoutz et al. (1994);
"Knott et al. (1996); “Borg et al. (1999).

an age span from the formation of the planet extending nearly to the present day,
and there is only a single Martian rock older than 1.3 Gyr. This is a rather incom-
plete sample of the ages of Martian surface rocks, and these ages only give a record
of Martian evolution, if their geologic context is known. Isotopic data of Martian
meteorites are most useful to study the Martian global geochemical evolution.

Radiometric ages, though, provide absolute calibration marks for relative ages
from cratering records. By extrapolating the lunar cratering rate to Mars, the rela-
tive ages of Martian surface units can be estimated from the density of craters on
them (Neukum et al., 2001; Ivanov, 2001; Hartmann and Neukum, 2001). These
ages are divided into three major chronostratigraphic units, or epochs: Noachian,
Hesperian, and Amazonian. The Noachian and Amazonian are further subdivided
into Early, Middle, and Late periods; whereas the Hesperian is simply divided
into Early and Late periods (Tanaka, 1986; Tanaka et al., 1992). We begin our
discussion with early Mars, working towards the present day.
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TABLE III
Summary of Radiometric Ages of Martian Meteorites: Shergottites

Meteorite K-Ar 39Ar-49Ar  Rb-Sr Sm-Nd U-Th-Pb  Preferred
(Myr) (Myr) (Myr) (Myr) (Myr) Age (Myr)
Shergottittes (Basalts)
Shergotty 580 =+ 5021 254 + 10° 163 +£129  1474+20°  200+48 165 +4
196 4 40% 167 165 + 4° 360+ 16° 437 + 368
620+ 171F 600 £ 208
217 & 110P
189 + 83h
Zagami 242¢ 178 +3f 163 + 7! 230 4 58 177 £3
174 £ 14i 229 + 88
163 + 19
Los Angeles 165410 17248 170 + 8
EETA79001A 2035¢ 172 4 18K 150+ 158 173+£3
170 & 368
EETA79001B 177+ 12 165 +43!
173 + 3!
QUE94201 730¢ 3274+ 12 327 £ 19™ 327+10
DaG476 474 £ 110 474+ 11
~800°
Shergottites (Lherzolites) : :
ALHA77005 13304 130P  3500° 156 + 64 173+ 7" 179 +5
188 + 11f
185+ 11°
LEWS8516 2600° 183105 166161  ~170" 178 =8
Y793605 1595¢ 2124+62° 212+62

References: ! Geiss and Hess (1958), recalculated to the K-decay constants by Steiger and Jager
(1977); “Bugster et al. (1997a); *Bogard et al. (1979); “Bogard and Garrison (1999); ¢Nyquist et
al. (1979a); ¢Jagoutz and Winke (1986); / Shih er al. (1982); 8Chen and Wasserburg (1986); " Sano
et al. (2000); i Nyquist et al. (1995); / Nyquist et al. (2000); ¥Nyquist et al. (1986); ‘Nyquist et al.
(2001); ™Borg et al. (1997); "Borg et al. (2000); °Jagoutz et al. (1999), Jagoutz and Jotter (2000);
PMiura et al. (1995); 4Jagoutz (1989); "Borg et al. (2001b); *'Borg et al. (1998a, 1998b); “Chen
and Wasserburg (1993); YMisawa et al. (1997); ¥ Terribilini et al. (1998).

4.1. ORTHPYROXENITE ALH84001: A CARBONATE-BEARING FRAGMENT
OF THE NOACHIAN CRUST

ALHB84001 is the only meteorite from the ancient Martian crust. We infer its crustal
origin from its ancient age, and less directly from its composition. The old crys-
tallization age of ALLH84001 is direct evidence that portions of the Martian crust
formed quickly after the planet accreted. There have been some variations in the
ages reported for ALH84001 (Figure 3). Jagoutz et al. (1994) argued that the Sm-
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Figure 3. Radiometric ages of orthopyroxenite ALH84001, as determined by a variety of techniques.
Sm-Nd isochron ages for silicate minerals indicate primary crystallization prior to 4.4 Gyr ago.
39Ar-Y0Ar ages for the silicates indicate Ar-outgassing between ~3.9-4.1 Gyr ago in a secondary
heating event, presumably related to impact cratering. Rb-Sr ages of different subsamples have given
different results, apparently related to both primary crystallization and secondary reheating. Attempts
to date secondary carbonates within ALH84001 have yielded ages as low as ~1.4 Gyr and as high as
~4.0 Gyr. We prefer a carbonate age of ~3.9 Gyr, which would make carbonate formation directly
or indirectly related to the cratering event that reset the 39 Ar-*0Ar age.

Nd isotopic data plotted along a 4.56 Gyr reference isochron. However, they neither
reported an isochron regression nor estimated an uncertainty on the age. Their data
were for bulk samples and acid leach/residue pairs, and thus any “isochron” also
may be interpreted as an “unmixing” line. This is because phosphate minerals,
major contributors to the REE budget, would be dissolved into the “leach” solu-
tions, leaving the residue as a complementary end member. Nyquist et al. (1995)
reported both Sm-Nd and Rb-Sr data for ALH84001. They obtained a !4’ Sm-'*Nd
isochron age of 4.50 &£ 0.13 Gyr from a suite of bulk samples and a pyroxene
mineral separate. Their isochron also could be interpreted as a mixing line be-
tween orthopyroxene and a second component of low Sm-Nd ratio, like phosphate,
if that component dominated the REE budget of the rock. However, both phos-
phate and plagioclase have low Sm/Nd ratios, and contribute to the REE budget.
Because both are in low abundance, both could be randomly distributed among
the different bulk samples analysed, decreasing the likelihood that the isochron is
simply a two-component mixing line. Nyquist et al. (1995) also determined initial
(MSm/'*Sm); = 0.0022 + 0.0010 for ALH84001 from variations in *2Nd/!*Nd
caused by decay of '*°Sm (T, ,2 = 103 Myr), initially present in the rock, to
142Nd. This result suggests that ALH84001 formed more than one half-life of 146Sm
after the angrite meteorite LEW86010, for which ('*°Sm/'**Sm); was ~0.0070-
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0.0076 (Lugmair and Galer, 1992; Nyquist et al., 1994). The "“*Sm/!**Sm ratio
requires closure of the Sm-Nd system in ALH84001 no earlier than ~115 Myr
after formation of the angrite. Although '*>Nd/!**Nd measurements are analytically
challenging, the long- and short-lived chronometers can be considered concordant
for an age of ~4.4 Gyr, the lower limit on the conventional '4’Sm-**Nd age. Thus,
the great antiquity of ALH84001 appears to be established, in spite of generally
lower °Ar-**Ar ages, and a lower Rb-Sr age (Wadhwa and Lugmair, 1996).

The ¥ Ar-**Ar ages of ALH84001 are in the range ~3.8-4.2 Gyr (Figure 3).
Thus, Ar-outgassing appears to have occurred after the parental rock solidified.
Turner et al. (1997) derived an 3°Ar-*CAr age of 3.92 + 0.10 Gyr, whereas Ilg
et al. (1997) reported an older age of 4.07 & 0.04 Gyr. Martian Ar components
in ALH84001 are difficult to characterize, and correcting for the uncertainty in
trapped Martian “°Ar allows ages in the broader interval 4.10 + 0.20 Gyr (Bog-
ard and Garrison, 1999). The time when ALH84001 was outgassed corresponds
to the hypothesized period of the “terminal cataclysm” on the moon and HED
parent body (Bogard, 1995). Perhaps Mars also experienced such a cataclysmic
bombardment, but this remains a tentative conclusion, based on a single sample.

The Rb-Sr age of 3.844+0.05 Gyr for ALH84001 (Wadhwa and Lugmair, 1996)
is significantly younger than the Sm-Nd age and also than the Rb-Sr age of Nyquist
et al. (1995). Apparently, the secondary reheating event that reset the * Ar-*0Ar
age affected different portions of the rock to different degrees. The rock contains
crushed zones (Treiman, 1995b) that may have been more severely affected by the
impact event than were intact orthopyroxenite areas. Furthermore, secondary car-
bonate mineralization is preferentially found within these crushed zones. Thus, we
concur with the interpretation of Wadhwa and Lugmair (1996) that the young Rb-
Sr age of ~3.9 Gyr (}’Sr decay constant Ag7 = 1.402 x 10! yr~!, Minster et al.,
1982) represents a time of intense shock and post-shock thermal annealing. This
interpretation implies that the Rb-Sr ages of some portions of the rock also were
reset by the impact of a large meteoroid on Mars. Both interpretations may apply, as
ALH84001 bears evidence of several major meteoroid impacts (cf. Treiman, 1998),
not surprising for a rock from the Martian highlands, which have been “gardened”
by meteoroid impact to a depth of ~1 km (Hartmann et al., 2000).

ALHS84001 contains ~1 vol.% of secondary carbonates. The secondary Sr or
Nd in these carbonates may have disturbed the isotopic systems. The work of Borg
et al. (1999), discussed below, shows that the leaching procedure used by Jagoutz
et al. (1994) to determine the Sm-Nd age of ALH84001 would have dissolved
both igneous phosphates and secondary carbonates. Also, the isochron of Nyquist
et al. (1995), determined by bulk samples plus orthopyroxene, would be subject
to variations in the relative proportions of phosphates and carbonates. The REE
abundances in the primary phosphates probably are much higher than in the sec-
ondary carbonates, however, and it is likely that the presence of carbonates has not
significantly affected the Sm-Nd isochrons.
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Three attempts to date the carbonates have been reported (Figure 3). Knott e?
al. (1996) reported an age of ~3.6 Gyr by laser-probe 3°Ar-*°Ar dating. Turner
et al. (1997), however, interpreted those data as heavily influenced by outgassing
from the plagioclase substrate beneath the carbonate grain they analysed. Wadhwa
and Lugmair (1996), adopting the model of Treiman (1995b) for formation of the
carbonates by replacement of plagioclase, proposed an age of 1.41 £ 0.10 Gyr for
the carbonates from a two-point carbonate-plagioclase “isochron”. However, the
Sr-isotopic composition of plagioclase is variable, making pairing of carbonate and
plagioclase for dating ambiguous. In the third investigation of the carbonate age,
Borg et al. (1999) exploited the compositional zoning of the carbonate minerals
in ALH84001 to selectively dissolve phases having different parent/daughter ratios
for Rb-Sr, U-Pb, and Sm-Nd dating. Although REE concentrations in the resultant
solutions were too low for Nd isotopic analysis, the Rb-Sr and U-Pb isotopic anal-
yses yielded concordant ages of ~3.9-4.0 Gyr, close to those originally obtained
by laser probe **Ar-*0Ar dating (Knott et al., 1996). These results, combined with
the *°Ar-*°Ar studies of ALH84001 silicates, suggest that plagioclase outgassing
and carbonate formation were contemporaneous, and possibly even simultaneous.
If so, the lower * Ar-*Ar age reported for “carbonate” by Knott et al. (1996) may
reflect some “°Ar loss from this low-temperature secondary mineral phase.

Differences in interpretation of the radiometric age data for the carbonates may
be related to the fact that there are several types, and possibly two or more gen-
erations, of carbonates present in ALH84001. Mittlefehldt (1994) identified two
generations, “early” (pre-shock) carbonates, and “late” (post-shock) carbonates.
Treiman (1995b) suggested the carbonates formed via replacement of plagioclase,
a suggestion that strongly influenced the Rb-Sr study of Wadhwa and Lugmair
(1996), as well as interpretation of the 3°Ar-**Ar study of Knott ez al. (1996).
Gleason et al. (1997) and Kring et al. (1998) also favored carbonate formation via
dissolution-replacement reactions between CO,-charged fluids and maskelynite.
They present as evidence carbonates filling small pockets in pyroxene previously
occupied by maskelynite, as seen in photomicrographs of a thin section of the
meteorite (Gleason er al., 1997; Figure 4). Kring et al. (1998) argue from an
electron microprobe study of K and Ca in six different complexly zoned carbonate
patches in a single thin section that the laser probe 3 Ar-*Ar study of Knott et al.
(1996), as reported by Turner et al. (1997), does not give the age of the carbonates.
They reached this conclusion because most of the data for which carbonate was
identified as the target in the study of Turner et al. (1997) showed the presence of
more K than could be accounted for by carbonates alone in the electron probe study.
However, carbonates ~100 yum in diameter also are easily visible with a binocu-
lar microscope along fractured surfaces of macroscopic pieces of the meteorite.
There usually is no visible association with comparatively rare maskelynite, al-
though sometimes such an association does exist. (The proportions of maskelynite
and carbonate are subequal at ~1%). These latter carbonates are of the globular
variety, a photomicrograph of which was shown by McKay et al. (1996). These
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fracture-filling carbonates are described very completely in the paper by Scott et
al. (1998), and were the intended objects of the investigation by Borg et al. (1999)
of carbonate fragments picked from ~1 g of the meteorite.

It seems probable that some of the confusion concerning interpretation of the
carbonate ages stems from occasionally inappropriate application of observations
made on limited samples of the meteorite. Here, we follow most closely the dis-
cussion of Scott et al. (1998), who examined nine polished thin sections of the
meteorite. Quoting: “Carbonates in ALH84001 occur in three distinct locations: in
pyroxene fractures, in crushed zones (also called granular bands; Treiman, 1995b),
and as massive grains and globules on pyroxene grain boundaries (e.g., Mittle-
fehldt, 1994; Treiman, 1995b) .... Carbonates in pyroxene fractures can be divided
conveniently into three types according to their shape and nature of the fractures in
which they formed: disks, dike-shaped veins, and irregularly shaped grains.” These
authors (and others) document that all types of carbonates are similarly composi-
tionally zoned. The carbonates nucleated with Ca-rich cores and became richer in
Fe and then Mg as they grew outward. Last to form were the magnesite rims. It
is this zonation that the experiment of Borg e al. (1999) was designed to exploit:
Enrichment of Sr and Pb over Rb and U in the Ca-rich cores, leaving enhanced
Rb/Sr and U/Pb ratios in the last-formed magnesites. Similar zoning profiles in all
types of carbonates imply that carbonate formation took place as a single event.
Again quoting Scott eral.: “...there is much evidence that carbonates in fractures
did not form by replacement of plagioclase glass.”

The simplest interpretation of the observations appears to be:

1. Some carbonates formed by replacement reactions with crystalline plagioclase.
A probable example is seen in Figure 4d of Gleason et al. (1997). If, as argued
by the authors and Kring et al. (1998), replacement was of maskelynite, a prior
shock event is required.

2. Not all carbonates formed by replacement reactions (Scott et al., 1998). The
majority of carbonates probably formed without need of plagioclase or maske-
lynite, but if some were present, reactions could occur. CO,-enriched aqueous
fluids apparently circulated through the rock, implying the prior existence of a
fracture network. Thus, the rock had been brecciated prior to that time, prob-
ably by excavation from great depth to a surface or near-surface location. The
compositional zoning of the carbonates was established at that time, and dated
at ~4.0 Gyr ago by Borg et al. (1999).

3. A second shock fractured some carbonates and formed maskelynite and pla-
gioclase glass, some of which can now be found in fractures. This shock also
opened up some pre- existing fractures in which carbonates already had formed
(Scott et al., 1998, Figure 3a), and resealed others. This last shock is most
likely the ejection event. The other Martian meteorites invariably show shock
levels of 15-45 GPa, implying that such shock levels are required for their
ejection from the planet. Thus, this second shock happened ~15 Myr ago, the
ejection age of ALH84001, as discussed in a later section.
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Treiman (1998) suggested a more complex scenario involving 4 “composi-
tional”, 6 to 8 “deformational”, and 4 “impact” events. A critical difference to
the scenario above is that Treiman’s last impact event occurs without major shock
metamorphism. Attempts to refine the inferred history of ALH84001, including the
radiometric age of the carbonates, are likely to continue, but the concordant Rb-Sr
and U-Pb ages of Borg er al. (1999) seem presently to be preferred.

The mechanism of carbonate formation has been debated in the context of “im-
pact metasomatism” (Harvey and McSween, 1996) and “playa lake” models. Playa
lake models have gained favor, seeming to be more consistent with various types
of data (cf., Warren, 1998). Also, in an experimental study, Golden ez al. (2000a,
2000b) were able to reproduce the carbonate zonation profiles in ALH84001. They
used a multi-step, sequential aqueous precipitation from fluids of changing compo-
sition, followed by a final reheating to 470°C. Whether this process mimics what
might happen on Mars, perhaps in a Martian playa lake, has not been addressed in
detail. However, one can easily envision a scenario in which Ar-outgassing from
ALH84001 accompanied a crater-forming event that left ALH84001 either as part
of the crater ejecta blanket, or, in the playa lake model, at the bottom of a crater.
Scott et al. (1998) have suggested that ALH84001 may have been located beneath
the central region of a large impact crater or basin that formed ~4 Gyr ago. The
playa lake model would definitely be favored over impact metasomatism if Ar
outgassing were earlier than carbonate formation, occuring at most 4.1 Gyr ago.
The carbonate age data would then be consistent with precipitation from a crater
lake filled slightly later by surface runoff into the crater. Alternatively, formation
of a crater lake might be triggered by formation of the crater itself, filled by melted
groundwater released by the heat of the impact. Newsom et al. (1996) have argued
that formation of large (> 65 km diameter) impact craters on Mars may have been
accompanied by the creation of ice-covered impact crater lakes, which would not
freeze totally over a lifetime of ~10* years. Supply of water to them from deep
aquifirs might provide a connection to possible life residing in the aquifirs (Boston
et al., 1992). Thus, although the suggestion by McKay et al. (1996) that certain
worm-like morphological features in ALH84001 might be relics of Martian life
has proven controversial, that interpretation is consistent with the apparent age of
the carbonates, the time of formation of equivalent lifeforms on earth, and pos-
sible access to potential subsurface habitats via crater formation. The crater lake
scenario remains speculative, but is consistent with suggested modes of carbonate
formation, and is made more plausible by the apparent near coincidence of the
outgassing and carbonate formation ages. The apparent presence of liquid water at
later times, perhaps even up to the present day (Malin and Edgett, 2000), appears to
be permissive of later carbonate formation also. Currently, however, there appears
to be little rationale to consider alternate scenarios.

Although ALH84001 is a sample of the Noachian crust, it should not be con-
sidered a “typical” Martian crustal rock. It is an orthopyroxenite cumulate with
much higher MgO and FeO, and lower Al,03, SiO,, and K,O than typical Martian
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crustal rocks such as the Pathfinder “sulfur free rock” (Rieder et al., 1997; Bell
et al., 2000). Although rocks at the Pathfinder site are thought to be derivative
from the southern Martian highlands, the Al,O3 content of the “sulfur free rock”
is much lower than that of lunar highland soils and even lower than in lunar mare
soils. On average, the Martian crust appears to be rather Al,O3-poor. McSween
and Keil (2000) conclude that if the global Martian dust is representative of the
Martian upper crustal composition, the planet’s surface geology is dominated by
contributions from evaporitic salts and a basaltic protolith chemically similar to
basaltic shergottites. Thus, fractionated MgO- and FeO-rich magmas may have
been common within the crust, and orthopyroxenite ALH84001 may have formed
as a mafic cumulate in a layered igneous province. The mode and timing of its for-
mation may have been analogous to those of rocks of the lunar “Mg-suite”, except
that the composition of the surrounding crust was basaltic rather than anorthositic.

Finally, viewed from the context of the lunar samples, it seems fortuitous that
even one out of 16 dated Martian rocks would have preserved such an old age.
Only a few lunar crustal rocks have been reliably dated to have ages in the range of
~4.3-4.5 Gyr. Furthermore, the dated lunar ferroan anorthosites were small clasts
extracted from lunar highland breccias, in which they often were surrounded by
impact melt glass. The rarity of unadulterated “original” crustal material among the
Iunar highlands rocks poses some questions relative to ALH84001 and the Martian
crust: Did Mars and Moon both experience the same heavy meteor bombardment
early in their history? Did Mars experience a “terminal cataclysm” of bombard-
ment? Was ALH84001 excavated from a considerable depth where it was shielded
from bombardment? If 4.5 Gyr-old crustal rocks are fairly common on Mars, but
not on the Moon, it may imply that the moon had a much heavier terminal bom-
bardment that physically destroyed its crust. ALH84001 has given us a few clues,
but answers to these questions await combination of spacecraft orbital imaging and
absolute dating of samples returned from heavily cratered areas on Mars.

4.2. THE NAKHLITES AND CHASSIGNY: AMAZONIAN OR HESPERIAN
CUMULATES?

So far, we have no Martian meteorites that are clearly Hesperian in age; i.e., ~3.5—
1.8 Gyr old, according to the Hartmann-Tanaka (HT) cratering model, or even older
according to Hartmann and Neukum (2001). The ~1.3 Gyr radiometric ages of
four cumulate rocks, three clinopyroxenite nakhlites (Nakhla, Lafayette, and Gov-
ernador Valadares), and the dunite Chassigny (Figure 2) are Early Amazonian in
the HT model, but close to the lower age limit of the Hesperian. However, they are
squarely in the Middle Amazonian in the Neukum-Wise (NW) model. Close agree-
ment of the ages of these four meteorites by four dating techniques, Rb-Sr, Sm-Nd,
3Ar-*0Ar, and U-Pb, apparently unambiguously define their crystallization ages
at ~1.3 Gyr (Figure 4). Type localities for the Early and Middle Amazonian are
Amazonis Planitia (EA) and Acidalia Planitia (MA), respectively (Tanaka, 1986).



AGES AND GEOLOGICAL HISTORIES OF MARTIAN METEORITES 129

Ages of Nakhlites & Chassigny

11 12 13 1.4

' 1 ¥ 1
Sm-Nd

Lafayette Rb-Sr ——
BAr-Ar HOH
Sm-Nd oY
Gov. Val] Rb-Sr o 0
Ar-"Ar HOH
U-Th-Pb — W
Sm-Nd ——
Nakhla Rb-Sr a £
39Ar._40Ar 8
K-Ar
s
hassigny Rb-Sr o]
FAr-*Ar —Q—
K-Ar —0—
L 1 1 1 | | 1 ] 1 1 1 1 1 1 [ N 1 )
11 12 13 1.4
Age (Ga)

Figure 4. Radiometric ages of the Nakhlites and Chassigny. Nearly all the ages are compatible with
an average age of ~1.3 Gyr.

Although the radiometric ages of the nakhlites are in general well-defined, they
do show some isotopic disturbances, first evident in the Sr-isotopic heterogeneity
noted by Papanastassiou and Wasserburg (1974). Some of the disturbance may
be attributed to iddingsite, an apparent Martian weathering product formed during
alteration by water. Some of the isotopic heterogeneity may perhaps be magmatic
in origin. Attempts to date the formation time of iddingsite in the Lafayette nakhlite
by the K-Ar and Rb-Sr techniques have yielded apparent ages of 600-700 Myr
(Swindle et al., 1999; Shih er al., 1998), suggesting liquid water activity on Mars
~ 650 Myr ago. Malin and Edgett (2000) have cited a number of lines of evidence,
such as the observations of gullies within the walls of a small number of impact
craters, as indicating groundwater seepage and surface run-off on even younger
Martian landforms. Examples are shown in this book (Hartmann, 2001).

4.3. THE SHERGOTTITES: LATE AMAZONIAN VOLCANISM

The preferred radiometric ages of basaltic and lherzolitic shergottites lie in the
range ~165-475 Myr. Individual ages from the literature and unpublished data
from the JSC lab are given in Table III and are shown with error limits in Fig-
ure 5. Confusion about the ages of the shergottites is slowly being dispelled. The
initial apparent age discordance of the shergottites has been shown to arise from
three sources: a) The presence of trapped “°Ar from the Martian atmosphere and
mantle, and possibly excess, inherited, radiogenic 4OAr as well, in sufficient quan-
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Figure 5. Radiometric ages of the shergottites. The Shergotty ages >0.3 Gyr seem to be in error due
to unexplained analytical effects. Concordant Rb-Sr and Sm-Nd ages of ~327 Myr indicate that age
is the true crystallization of QUE94201. The ubiquitous presence of terrestrial contamination has
prevented determination of a Rb-Sr age for DaG476. The ubiquity of such contamination causes us
to favor the 475 &+ 11 Myr Sm-Nd age of Borg et al. (2000) to the older ~800 Myr age reported by
Jagoutz et al. (1999) and Jagoutz and Jotter (1999) for this meteorite. See Table II for references.

tities to significantly affect measured °Ar-**Ar ages. b) Analytical difficulties
accompanying isotopic analyses of young samples with low abundances of the
trace elements being analysed. c) The apparent presence of isotopic heterogeneity
probably preserved in the basalts in the cores of pyroxene and olivine phenocrysts.
These difficulties are being worked out, and preferred ages can be given with a
degree of confidence (Table III).

It is also worth noting that a major contributor to initial confusion about the ages
of the shergottites, and indeed all the SNC meteorites, was simply an early reluc-
tance of meteoriticists to accept radiometric ages significantly less than ~4.5 Gyr
as giving the time of igneous crystallization of any meteorite. The first radiometric
age for a meteorite now considered to be of Martian origin was the K-Ar age of
580 =50 Myr (recalculated with the decay parameters by Steiger and Jager, 1977)
determined for Shergotty by Geiss and Hess (1958) in an early study of the K-Ar
ages of stony meteorites. Geiss and Hess (1958) considered their age to be “too
young”. They excluded the possibilities of K contamination or heterogeneity in
the K content of the meteorite. Not knowing of Shergotty’s Martian origin and,
hence, assuming that Ar extracted from the meteorite could only consist of the



AGES AND GEOLOGICAL HISTORIES OF MARTIAN METEORITES 131

radiogenic, spallogenic, and (terrestrial) atmospheric components, they considered
Ar loss as being unlikely to explain its young age. A loss of ~95% of the Ar would
be required, and they concluded that diffusive loss of that magnitude would be
unlikely either via solar heating at the earth’s orbit or beyond, or via frictional heat-
ing during passage through earth’s atmosphere. We now know that correction for
the “atmospheric” component using “°Ar/*Ar ~2000 for the Martian atmosphere,
instead of 296 for the terrestrial atmosphere, gives an even younger age, more in
agreement with currently accepted values for the Martian meteorites. Of course,
the possible presence of a second atmospheric component, and the possibility that
these young rocks might contain a mantle Ar component as well, introduces am-
biguity in correcting for non-radiogenic *° Ar. Later work showed that K-Ar ages
<1 Gyr were relatively common among shocked chondritic meteorites and are
produced by impact heating on meteorite parent bodies.

The question of the age of Shergotty was revisited by Bogard et al. (1979), who
redetermined the K-Ar age using the **Ar-*CAr technique, and also by Nyquist et
al. (1979b), who determined the Rb-Sr age as well. The 3°Ar-*°Ar ages of stepped
extractions of Ar from a whole rock were variable, but similar to the value of Geiss
and Hess (1958). The °Ar-*°Ar ages of stepped extractions from a plagioclase
separate were approximately constant and gave a good age plateau at 254410 Myr.
The Rb-Sr age was younger still at 165+11 Myr. Nyquist et al. (1979b) interpreted
the ~165 Myr Rb-Sr age of Shergotty as due to metamorphic resetting because it
was the lower of the Rb-Sr and ¥ Ar-*°Ar ages. Subsequent work showed that not
only was the Rb-Sr age younger than the **Ar-**Ar age of 254 + 10 Myr, but also
younger than the still older Sm-Nd and U-Pb ages of Shih et al. (1982), Jagoutz and
Winke (1986), and Chen and Wasserburg (1986) (Table III; Figure 5). These latter
measurements mostly have not been repeated, but it now seems likely that they
were influenced by sample contamination, or other sources of analytical errors.

A recent in situ isotopic analysis by ion probe of U-Th-Pb in phosphates in
Shergotty (Sano et al., 2000) yields the time of closure of the U-Pb system in
Shergotty phosphates as 204 + 68 Myr ago. Whether this result excludes those Sm-
Nd and U-Pb “ages” in excess of 300 Myr in Figure 5 as real crystallization ages
depends on the actual mode of petrogenesis of these rocks. Jagoutz and Winke
(1986) preferred the older Sm-Nd age of 360 + 16 Myr obtained from a pyroxene-
leachate isochron to the younger Sm-Nd age of 147 & 20 Myr they obtained from
an isochron including the whole rock data. However, the lower value of ~147 Myr
normally would be favored by the isotopic systematics, since data for the bulk
(“whole rock) sample must lie on the isochron for closed-system evolution of
the Sm-Nd system. Jagoutz and Winke (1986) argued for an open Sm-Nd system,
and that the phosphates crystallized from a metasomatic contaminant infiltrating
a pyroxene cumulate. This possibility continues to be allowed by the results of
Sano et al. (2000). Thus, the interpretation of Jagoutz and Winke (1986) probably
cannot be totally excluded, but it is nevertheless weakened by several observations.
First, it requires Sr in plagioclase, as well as Nd in phosphates, to be derived
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from the metasomatic contaminant. Second, the Sm-Nd data for Shergotty also can
be explained by recent terrestrial contamination, which may have been a greater
problem than previously recognized. Third, Bogard and Garrison (1999) decom-
posed the Ar released from an irradiated sample of Shergotty into a radiogenic
component that would be produced in 165 Myr of decay, and a trapped component
with an “°Ar/3 Ar ratio of 1780. This *°Ar/*®Ar ratio is within the range of values
believed representative of the Martian atmosphere, supporting the validity of this
approach. Because most of the K and radiogenic *°Ar* is contained in plagioclase,
this result would require that most of the K, as well as Nd and Sr, be attributed to
the hypothesized metasomatic fluid. These more recent observations substantially
support the earlier arguments of Jones (1986) against metamorphic resetting of the
Rb-Sr ages of Shergotty and other shergottites by either thermal or hydrothermal
events. Finally, a Sm-Nd age of 163 4+ 7 Myr was found for Zagami, a “twin” of
Shergotty (Nyquist ez al., 1995), concordant with three determinations of the Rb-Sr
age averaging 177 £ 3 Myr. These arguments suggest that an age of crystallization
as old as ~360 Myr for Shergotty is unlikely. Our preferred age of 165 + 4 Myr
is the weighted average of the two Rb-Sr ages (Nyquist et al., 1979b; Jagoutz and
Winke, 1986) converted to a 8’Sr decay constant Ag; = 0.01402 Gyr~!, as used
throughout this paper (Minster et al., 1982).

That the young radiometric ages of the SNCs are indeed crystallization ages
seems incontrovertible in light of the recent data summarized in Tables II and
III. Three other basaltic shergottites, Zagami, EET79001, and Los Angeles have
similar preferred ages as Shergotty; i.e., 177£3 Myr, 173+3 Myr, and 17017 Myr,
respectively. For Zagami, the value is based on three Rb-Sr ages and one Sm-Nd
age (Table III). For EET79001, the preferred age is based on three Rb-Sr ages,
one Sm-Nd age, and two U-Th-Pb ages. In this case the weighted mean is greatly
influenced by a precise Rb-Sr age of 173 4= 3 Myr recently determined in the JSC
lab (Nyquist et al., 2001). For Los Angeles, the age is the weighted average of
Rb-Sr and Sm-Nd ages. Although the preferred age for Shergotty appears to be
slightly younger, its resolution from the other ages is problematic. The calculated
uncertainty of =4 Myr for the Shergotty age may be unrealistically low in light of
apparent cm-scale isotopic heterogeneity in Zagami (Nyquist et al., 1995).

Two of the basaltic shergottites, QUE94201 and DaG 476, have older crystal-
lization ages. Concordant Rb-Sr and Sm-Nd ages of 327 £ 12 and 327 £ 19 Myr
were obtained for QUE94201 by Borg er al. (1997). QUE94201 contained easily-
leachable components which may have formed as Martian weathering products.
The presence of these phases and also of impact-produced glass veining throughout
the rock led to significant complications of the isotopic systematics, but, neverthe-
less, the age appears to be robustly determined.

The age of DaG476, another basaltic shergottite with compositional similarities
to QUE94201, is currently debated. Jagoutz et al. (1999), and Jagoutz and Jotter
(2000) have presented Sm-Nd data leading to an apparent age of ~800 Myr. Borg
et al. (2000) found instead an age of 474 £ 11 Myr. This shergottite is heavily
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weathered, making the Rb-Sr data useless for age determination. Terrestrial con-
tamination accompanies the weathering throughout the meteorite and is evident in
elevated K and LREE abundances in some mineral phases (Crozaz and Wadhwa,
1999). Because the effect of terrestrial contamination would be to displace the
apparent age to higher values, we favor the lower value of ~474 Myr as most
likely to be the true crystallization age.

Concordant Rb-Sr and Sm-Nd ages have been determined for two of the lher-
zolitic shergottites, ALH77005, and LEW88516. Our preferred ages for these two
meteorites are 178 & 6 Myr and 179 4 6 Myr, respectively (Table III). An U-Pb
age of ~170 Myr for LEW88516 (Chen and Wasserburg, 1993) is also concordant
with these values, as is an U-Pb age of 212 4+ 62 Myr for the third lherzolitic
shergottite, Yamato 793605 (Misawa et al., 1997). These crystallization ages are
the same, within uncertainties of a few percent, as the crystallization ages of several
of the basaltic shergottites. Historically, these shergottites have been referred to as
having crystallization ages of ~180 Myr as suggested by Jones (1986), based on
the 178 & 3 Myr Rb-Sr age reported for Zagami by Shih et al. (1982).

The interpretation of the radiometric data for shergottites has been controversial
in part because of the complexities that often exist both within and between radio-
metric systems. One of the most puzzling problems has been the observation that
the apparent *° Ar-*°Ar ages of the shergottites are systematically older than the Rb-
Sr ages, as we have already mentioned for Shergotty. Although °Ar-**Ar ages in
terrestrial basalts can sometimes be “too old” because of inherited radiogenic *°Ar,
such situations are rare among meteorites. Bogard and Johnson (1983) first found
that melt glass in the EET79001 shergottite contained trapped Martian atmospheric
gases, including substantial amounts of “°Ar, which had been shock-implanted by
impacts on the Martian surface. Martian atmospheric gases have also been found
in Zagami, ALH77005, and Y793605. In addition, an elementally fractionated
component of the Martian atmosphere has been measured in some samples of
the nakhlites and ALH84001 (see references in Bogard and Garrison, 1998). The
4OAr/*SAr ratio of the Martian atmosphere has a relatively high value of ~1800
(Bogard and Garrison, 1999), which makes it difficult to correct for atmospheric
0 Ar using 36 Ar. Further, it is now recognized that some Martian meteorites contain
a trapped volatile component from the Martian interior, which appreciably differs
in elemental and isotopic composition from the atmospheric component (Ott, 1988;
Bogard and Garrison, 1998; Marti and Matthew, 2000). The *°Ar/*®Ar ratio of
this interior component is not known and is probably variable. In many phases of
Martian meteorites the Martian atmospheric and interior volatile components occur
as mixtures in variable proportions.

Because of the presence of multiple Ar components, shergottites do not gener-
ally give reliable * Ar-**Ar ages (Bogard and Garrison, 1999), as can be seen from
the 3° Ar-*CAr ages given for them in Table III. Most of the listed 3 Ar-*°Ar ages are
from the compilation of Bogard and Garrison (1999), and are “total “’Ar ages” for
stepped *°Ar-*0Ar analyses. Those 3°Ar-*0Ar ages that are closest to the preferred
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crystallization ages of the samples are for plagioclase separates of basaltic shergot-
tites with relatively high modal abundance of plagioclase, and thus relatively high
K-contents. Relatively good *?Ar-**Ar plateau ages of ~254 Myr and ~242 Myr
were determined for Shergotty and Zagami feldspar. Also, as already mentioned,
it was possible to decompose the ~387 Myr total “°Ar age for a bulk sample of
Shergotty into trapped and radiogenic “°Ar components. Data for Zagami feldspar
are consistent with a similar decomposition of Ar components for a crystallization
age of 180 Myr. However, Bogard and Garrison (1999) were unable to reliably
determine the amount of radiogenic “°Ar for other shergottite samples because of
the multiplicity of Ar components that might have been present in the analyses.
Terribilini et al. (1998) determined a conventional **K-*Ar age of 196 + 40 Myr
from an isochron plot of *°Ar/*®Ar versus K/*®Ar in a bulk sample and separated
minerals of Shergotty. The corresponding ratio for trapped “°Ar/*® Ar was found to
be ~1100, however, a value significantly lower than “°Ar/*®Ar ~1800 in the Mar-
tian atmosphere, showing that the shergottites contain both Martian atmospheric
Ar and a mantle Ar component of significantly lower “°Ar/*®Ar ratio. These two
components mix in variable proportions in Martian meteorites, making it necessary
to independently determine the “°Ar/*Ar ratio for each sample.

Subtle isotopic inconsistencies are present in the other isotopic systems as well.
Some of these are manifest in the U-Pb ages summarized in Table III. Blichert-Toft
et al. (1999) note also that Lu-Hf data for bulk shergottites do not show isochron
relationships. Rb-Sr isochrons of different samples of the shergottites can give
identical ages for different initial 87 Sr/®Sr ratios (e.g., Nyquist et al., 1995). Some
isotopic inconsistencies for nakhlites probably are due to the presence of Martian
weathering products. The differences in initial 8’Sr/%6Sr ratios among subsamples
of shergottites and nakhlites require unusual petrogenetic processes.

As already mentioned, the Rb-Sr ages were originally interpreted as dating
the time of shock metamorphism accompanying their ejection from Mars. An at-
traction of that explanation was that it accounted for the simultaneity of ages
near 180 Myr. Nyquist er al. (1979b) argued that subsolidus isotopic equilibration
might be achieved by heating at low temperatures (~300 — 400 °C) for long times
(~10* yr) while allowing elemental zoning to be preserved. Jones (1986) criticized
that interpretation on the grounds that preservation of elemental zoning patterns in
major mineral phases of the shergottites, in spite of shock-induced transformation
of plagioclase to maskelynite, precluded identification of the Rb-Sr ages with the
time of shock metamorphism.

Because of the discordant ages obtained for Shergotty and other shergottites
by the various methods, Shih et al. (1982) sought an approach that would “see
through” secondary events, if such were the explanation of the young, ~180 Myr
ages. They noted that the whole rock Sm-Nd data for the basaltic shergottites, Sher-
gotty and Zagami, combined with that of the lherzolitic shergottite, ALH77005,
defined an apparent “isochron” of slope corresponding to an age of ~1.34 Guyr,
in remarkable agreement with the ages of the nakhlites. This coincidence was
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Figure 6. Whole rock Sm-Nd data for Martian meteorites. A 4.50 Gyr reference isochron is shown for
bulk samples (dotted circles) and mineral separates (open circles) for ALH84001 orthopyroxenite.
Dhofar019: preliminary data, Borg et al. (2001a). DaG476: constructed from the mineral isochron
(Borg et al., 2000) and the bulk 1475 m/144Nd ratio (Jagoutz et al., 1999). The other data are from
the literature. A reference 1.3 Gyr isochron (Tief) has been drawn through the data for Shergotty,
Zagami, and Los Angeles. For reasons that are unclear, the data of the shergottites Dhofar019,
QUE94201, and DaG476 appear to lie along Tk, a nakhlite isochron for the average age of the
nakhlites Nakhla, Governador Valadares, and Lafayette. The linear alignment along Tier from the
traditional shergottites to EETA79001 has been interpreted as a mixing line between a mantle com-
ponent to the right of EETA79001 and a “crustal” component to the left of the intersection of this
line with the ~4.5 Gyr isochron. The isotopic data for a Chondritic Uniform Reservoir (CHUR) fall
on this isochron (squares). Short lines through the individual data points show the slopes of mineral
isochrons determined for these rocks. Rocks satisfying a simple two-stage isotopic evolution history
would be derived from Martian mantle source regions having 1479m/144Nd ratios determined by
the intersection of the mineral isochrons with the primary ~4.5 Gyr mantle differentiation isochron.
Such an intersection would occur at '47Sm/!44Nd ~0.3 for QUE94201, DaG476, and Dhofar 019.
QUEY94201, DaG476, and the nakhlites also have measured excesses of 142Nd from decay of 103 Myr
1465m (Harper et al., 1995; Borg et al., 1997; Jagoutz and Jotter, 2000), showing that Martian
differentiation occurred very early. The likely addition of a crustal component to the parental magmas
of the younger, ~175 Myr old shergottites would have displaced the apparent mantle 1479 m/144Nd
ratios to the lower left along the primary mantle isochron.

reinforced by later data for basaltic shergottite EET79001. It seemed to suggest
that the shergottites and the nakhlites might be related, if only indirectly, via man-
tle processes. It also suggested that the ~1.3 Gyr age might have significance
for the shergottites. However, later interpretations have favored the view that this
“isochron” is a mixing line, representing mixing among ‘“‘crustal” and “mantle”
end-members as suggested by Jones (1989) and Longhi (1991).

Figure 6 shows the currently available whole rock Sm-Nd data for Martian
meteorites. Whole rock analyses and mineral separates for ALH84001 define an
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~4.5 Gyr reference isochron, used here as a reference isochron giving the approx-
imate age of the planet. The “traditional” basaltic shergottites (Shergotty, Zagami,
and Los Angeles), plus the lherzolitic shergottites (ALLH77005 and LEW88516)
and basaltic shergottite EET79001 plot along an ~1.3 Gyr reference isochron sim-
ilar to the one originally defined for Shergotty, Zagami, and ALH77005 by Shih
et al. (1982). The line in the figure is constrained to pass through the data for
the traditional basaltic shergottites. According to the isotopic mixing models of
Jones (1989) and Longhi (1991), the linear alignment of data is due to mixing of
more radiogenic Nd (higher '7Sm/!**Nd and '**Nd/'**Nd ratios) from the Martian
mantle with less radiogenic Nd (lower '4’Sm/'*Nd and '**Nd/'**Nd ratios) from
the Martian crust. End member compositions are to be found along the line to the
right or left of the data array. This interpretation attributes no time significance
to the linear data array, and suggests that the correspondence of the slope of the
line to an apparent Sm-Nd age of ~1.3 Gyr is a coincidence. This approach has
much to recommend it. Norman (1999) found self-consistent results for the Nd
isotopic compositions and REE abundances in Shergotty as a mixture between a
LREE-depleted mantle-derived magma similar in composition to EET79001A and
a LREE-enriched “crustal” component with >10 ppm Nd. The success of such
models depends in large part on identification of at least one of the end mem-
ber components. A number of meteorites have been suggested as representative
of mantle-derived Martian magmas, including the nakhlites (Jones, 1989; Longhi,
1991), QUEY94201 (Borg et al., 1997), and EET79001 (Norman, 1999).

Recent data for newly found Martian meteorites have reopened the issue of
whether Sm-Nd whole rock “isochrons” may have time significance, however.
Jagoutz and Jotter (2000) note that leachates (~phosphates) from Nakhla, DaG476,
and QUE94201 lie along a line of slope corresponding to an isochron age of
1.2 Gyr, and that these samples all have significant excess '*>Nd anomalies, show-
ing that they all were derived from an early-formed mantle source with significant
depletion in LREE relative to HREE (H for Heavy; ¢f. Harper et al., 1995). Fig-
ure 6 shows that whole rock data for the nakhlites (Shih er al., 1998, 1999),
QUEY%4201 (Borg et al., 1997), and newly found Dhofar019 (Borg et al., 2001a)
all plot close to the extension of the 1.3 Gyr nakhlite isochron. Because whole rock
data for DaG476 are unreliable due to terrestrial contamination, we show a value
calculated to lie on the mineral isochron of Borg et al. (2000) for the 4’ Sm/'*Nd
ratio measured by Jagoutz et al. (1999). If the ~1.3 Gyr alignments have any
time significance, it may be due to “mantle” end members generated by successive
episodes of partial melting and magma extraction over an extended interval from
before ~1.3 Gyr ago until the crystallization ages of the basalts. Melt extraction
on a massive scale may account for the large depletion of LREE abundances in
QUE94201 and DaG476, and may have left surface evidence for large expanses
of volcanic flows ~1.3 Gyr ago. Models for the Nd and Sr isotopic evolution of
QUE94201 (Borg et al., 1997), however, require successive melt extractions from
the source to be restricted to times near the basalt crystallization age.
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In contrast to the Sm-Nd data, the whole rock Rb-Sr age for most Martian me-
teorites is ~4.5 Gyr (Shih et al., 1982). Thus, the Rb-Sr data require planet-wide
differentiation at ~4.5 Gyr, accompanied by establishment of mantle reservoirs
that remained essentially closed systems to Rb/Sr fractionation thereafter. That
major fractionation in Sm-Nd could occur <~1.3 Gyr ago without some additional
fractionation of Rb/Sr is a strong constraint on isotopic models for crust/mantle
differentiation. The models of Jones (1989) and Longhi (1991) for the petrogen-
esis of SNC meteorites invoked crustal assimilation following partial melting of
the Martian mantle for nakhlite genesis at 1.3 Gyr ago and shergottite genesis at
180 Myr ago. Borg et al. (1997) presented a related multi-stage model of mantle
melting and crustal assimilation for petrogenesis of QUE94201 at 330 Myr ago.

5. Ejection Ages and Events

Assuming a meteorite is ejected as a small object from the Martian surface and
comes directly to Earth without secondary breakup in space, its “ejection age”, i.e.
the time since its ejection, equals the sum of its cosmic ray exposure (CRE) age and
its terrestrial age (Eugster et al, 1997b). Table IV gives all presently available
CRE and terrestrial ages of Martian meteorites, and its notes explain how these ages
were calculated. The CRE ages based on the stable noble gas isotopes *He, ' Ne,
and *¥Ar and appropriate production rates, Ty, may be subject to several sources
of systematic bias, such as diffusive loss of spallogenic noble gases, which is
possibly related to particular orbital parameters, errors in correction of production
rates for variations in chemical composition, variations in shielding from cosmic
ray particles, and contributions of solar particles to 2! Ne production. However, the
81Kr-Kr ages, T3, and, to a lesser extent, the '"Be->'Ne ages, T}, are less subject
to all these sources of bias (Marti, 1967; Eugster et al., 1967). Terribilini et al.
(2000) obtained T3, ages for 7 Martian meteorites. Their averages are 3% lower
than the average T, ages. The Ty, ages, calculated for 5 Martian meteorites by
several authors, are on an average also 3% lower than the 7 ages. It appears that
these T ages have little or none of the biases mentioned above.

Figure 7a plots peak shock pressures from Table I versus ejection ages from
Table IV. Both of these parameters are expected to be related to ejection of the
meteorites from Mars. Most of the data, with exception of that for the nakhlites,
plot within a range of shock pressures from ~30 GPa to ~80 GPa correspond-
ing, respectively, to the pressures at which plagioclase is converted to maskelynite
(Pmask), and at which shock melting occurs ( Py ). Melosh (1985) notes that in the
spallation model for meteorite ejection, the ejection velocity is proportional to the
pressure gradient, not the pressure. The implication of Figure 7 is that just prior to
ejection, the shock pressure due to a compressive pulse at the shergottite location
had reached nearly the maximum sustainable without shock melting. Furthermore,
in the context of the Melosh model, the pressure gradient due to interfering com-
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TABLE IV

Cosmic-ray exposure ages, terrestrial ages, and ejection ages of Martian meteorites in Myr.

T3 Iy Iyg  Meth Toay Typ  T10 Tpret  Trer T
Shergottites (basalts)
Dhofar019 | (13.7%) 18.1% 214% A 19.8 19.8 19.8
123 +23 +23
Los (1.9%) 3.0* 28 A 3.02 3100 3108 3.10 3.10
Angeles +030 +0.70 +020 +0.20 +0.20
(13%) 32Y 3.1
QUE94201| 2.17° 3.12° 256° A 250 2100 26° 242 029° 271
+0.25 +025 +05 +020 +0.05 =+0.20
2204 2609 2504 A
1.91¢ * 275 A
200 34t 23t A
Sayh al 1.5¢ A 1.5 1.5 15
Uhaymir 403 403 +0.3
Shergotty | 2.568 3.568 2548 A 291 271 21P 273 273
4025 +030 402 402 +0.20
pX 3318 3.178 2718 A
mask 398 3008 A
240 3oh o3h g 2.74
A _ _ +0.9
271 390 211 B
250 330 2020 A
2.9 B
32k 40k 27 B
2.0! 341 241 B
Zagami 2.84°  331° 2565 A 285  3.05P 2.92 2.92
+0.45 +0.30 +0.15 +0.15
32k 38 26k B
34m  43m (gm B
21" 24" 220" B
Lherzolites
ALHA 3,641 2450 2500 A 2.98 25P 287 0.19" 3.06
77005 +0.45 +03 +020 +0.07 =+0.20
3.8M  26m 20m B 2.84 0.198
+0.6 +0.07
0.214
+0.08
LEW 452 490° 392 A 401 3.0 392 0.021" 394
88516 40.40 4040 £0.001 =+0.40
4.42%  420% B 0.021Y
+0.001
3.962  3.07 B
44% 38 30%¥ B
Y793605 | 4.728 3988 3.138 A 467 467 0.035% 470
+0.50 +0.50 +0.035 +0.50
4.9f s2f  46f A
5368  5.46B A
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TABLE IV
(continued)
I3 Iy Ty M T Ty To Tpret  Tterr Tej
Shergottite/Lherzolites
DaG476 1082 1267 1.14H A 116 1.16  0.085* 124
+0.11 40.11 £0.050 =+0.12
DaG489 1.0sT 1367 1.09T A 1.17 1.17  0.085%% 125
+0.19 40.19 £0.050  +0.20
EETA 0.68™ 0.52M™ 0.74™ B (.54 0.78L 060 0012 073
79001 A +0.09 +0.14  £0.09 +0.002 =+0.15
0.51IM 043M 030M B 0.5F 0.320L
+0.1 +0.170
0.61L 054~ 0458 B 0.734 <0.06F
+0.19
0.45N B (av.0.13)
+0.12
EETA 0.45™ 0.69Mm 1.02™ B 0.904
79001 B +0.17
EETA 0.46M  0.45M B T10,2v=0.73
79001 C 0.42N B
Nakhlites
Governador| 12.2F 123F 67F B 100 10.0 10.0
Valadares +2.1 +2.1 +2.1
950 920 B
Lafayette | 10.1" 124" 88" B 119 11.9  0.008Y 11.9
422 422 +0.0013 +2.2
13.7R 16.0R 103R B
Nakhla 1.4 1241 84 B 122 10.75° 10.75 10.75
+15 040 +0.40 +0.40
2.0 1200 106 B
148R 160R 122" B
Dunite
Chassigny | 13.3%2 11.18 1058 A 116 10.7° 11.3 11.3
+1.6 18 +0.6 +0.6
147F 139F 71F B
151F 137F g8E B
1230 118 711 B
Orthopyroxenite
ALH 1545 17.0° 123° A 147 158 150  0.0065Y 15.0
84001 +09 433 +0.8 +0.0010 +08
15.6° 133 122 A
opx 1545 154 129 A ~0.013Y
1496 17769 1756 A
1531 154t 1288 A
1460  141f 122f A
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TABLE IV
(continued)
Notes
T3, Tp1, T3g: Cosmic-ray exposure ages based on 3He,2!Ne, 38 Arand appropriate production rates.
Meth.,, M.:  Method used for calculating T3, T>;, T33:
A — CRE ages as given by author(s). Applies to papers published after 1990.
B — CRE age calculated using production rates according to Eugster and Michel
(1995). Applies to papers published before 1990 and to work where authors do not

give CRE ages.
Ts,av: Mean value of all T3, T»1, and T3g ages for a particular meteorite. Errors are 20 mean-
131: 81Kr-Kr CRE age (Terribilini et al., 2000).
Tio: 10Be-2INe CRE age as given by authors.
Tpref: Preferred CRE age, Tpref = 0.5 X [T5,av + 0.5 x (g1 + T10,av)]-
Error of Tpre, ATpref = 2\/ > (2824 + 8, + 8y, ) 12
Tterr: Terrestrial age as given by authors.
Toj: Mars ejection age, Tej = Tprer + Tierr. Eror of Toj, ATey = \/(ATprep)? + (ATg)2.
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(1996); ¢ Swindle et al. (1996); f Garrison and Bogard (1998); & Terribilini et al. (1998); h Becker
and Pepin (1986); | Ott (1988); J Eberhardt and Hess (1960); ¥ Heymann er al. (1968); ! Miller
and Zihringer (1969); ™ Bogard et al. (1984); ™ Ott (1989), unpubl. data (see Schultz and Franke,
2000); © Nishiizumi and Caffee (1996); P Nishiizumi et al. (1986); 9 Pal er al. (1986); " Schultz and
Freundel (1984); S Evans et al. (1992); ' Miura et al. (1995); * Nishiizumi et al. (1992); ¥ Jull et al.
(1994); ¥ Treiman et al. (1994); X Becker and Pepin (1993); * Ott and Lohr (1992); A Nishiizumi
and Caffee (1997); B Nagao et al. (1997); P Bogard (1995); F Lancet and Lancet (1971); ¥ Schultz
and Signer (1973), unpublished; G Swindle ez al. (1995); H Zipfel er al. (2000); ’ Stauffer (1962);
K Jull and Donahue (1988); L Sarafin er al. (1985); M Becker and Pepin (1984), for R=35 to >1000
and d=6-80 g/em?; N Swindle et al. (1986); ¥ Bogard and Husain (1977); 2 Swindle er al. (1989);
R Ganapathy and Anders (1969); T Folco et al. (1999), same production rates used as for DaG476;
U Jull et al. (1997); Y Jull er al (1995); @ Nishiizumi er al. (1999; same Tierr for the paired
meteorites DaG476/489); £ 21Ne and 19Be data from Garrison and Bogard (2000) and Nishiizumi
and Masarik (2000), respectively; ¥ Lorenzetti and Eugster (2001); 8 Shukolyukov et al. (2000);
€ Paetsch er al. (2000); ¢ Eugster (1994).

pressive and tensile pulses, the latter reflected from the free surface of the planet, is
sufficient to accelerate ejecta to escape velocity. These conditions define an annulus
around the impact site from which material is ejected (¢f: Warren, 1994).

From Figure 7a there appear to be 7 ejection events: at ~20, 15, 12, 4.5, 3,
1.3 and 0.7 Myr, respectively. Five of the total are for either basaltic or lherzolitic
shergottites, suggesting that shergottites must be widespread on the Martian sur-
face, or that the ejection mechanism preferentially selects basaltic compositions.
Interestingly, both the oldest and the youngest events are for shergottites: Dhofar
019 at ~20 Myr ago, and EET79001 at ~0.7 Myr ago.
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Figure 7. Peak shock pressures in Martian meteorites vs. their a) ejection ages and b) crystallization
ages (EETA: EETA79001; DaG: Dar al Gani476; SaU: SaU005; LA: Los Angeles; QUE: QUE94201;
Za: Zagami; Sh: Shergotty; ALHA: ALHA77005; LEW: LEW88516; Y: Y793605; Chass: Chas-
signy); DF: Dhofar019). Shock pressure data from Stoffler er al. (1986) and Stoffler (2000) except
for SaU, LA, and DF (this paper; Table I); age data from Tables II, III, and IV (see references
there). Pmax and P are the approximate peak shock pressures at which plagioclase is converted
to maskelynite and basalts are shock-melted, respectively.

The picture changes somewhat when shock pressures are plotted against the
crystallization ages of the meteorites (Figure 7b). To the extent that different Mar-
tian surface units are composed of rocks of distinct crystallization ages, both crys-
tallization ages and ejection ages might be viewed as “event discriminators”. Nearly
the entire Martian surface has been classified according to relative age as deter-
mined from the density of meteorite impact craters per unit area. These “crater
retention ages” reflect ca. the upper 1 km of near-surface layers, so that lava flows
of a variety of absolute ages may be present in a given area (Hartmann, 1999).
Nevertheless, the crater retention ages provide a Martian context in which to view
the potential number of ejection events. In this context, there appear to be only
4-5 events: one on old terrain, one on terrain of intermediate-to-young 1.3 Gyr
age, 1 or 2 on young-to-intermediate, 0.3—-0.5 Gyr terrain, and one on very young,
~0.18 Gyr terrain. The crystallization ages of Dhofar019 and SaU005 are not
available yet, and might define additional events, possibly bringing the total to 6-7
separate events. More realistically, the total is apt to increase by no more than one,
since SaUOO0S5 appears to be paired in ejection age with DaG476. Nevertheless, 7
meteorites, more than half of those for which crystallization ages have been deter-
mined, derive from ~0.18 Gyr terrain. This presents an apparent “paradox” of too
many young meteorites from too little young Martian terrain (Nyquist et al., 1998).
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Figure 8. Preferred values of the crystallization ages of the Martian meteorites (Tables II and III)
plotted vs. the ejection ages of the meteorites (Table IV).

Figure 7b seems to show that meteorites ejected in a given event may experience
a variety of peak shock pressures, as shown for the “nakhlite—chassignite” and
“young shergottite” events, respectively.

Figure 8 plots the crystallization ages of the Martian meteorites directly versus
their ejection ages. SaU005 and Dhofar019 are two important omissions, partic-
ularly because the Dhofar019 event 19.8 £ 2.3 Myr ago on basaltic shergottite
terrain is the oldest event of which we have record. The next event, which ejected
ALHS84001 from old (Noachian) terrain 15.0 & 0.8 Myr ago, is clearly identified.
ALHS84001 apparently experienced a peak shock pressure of ~35 — 40 GPa on
ejection, typical for Martian meteorites. This rock of initially deep-seated origin
must have been previously moved to its place of ejection, probably a few meters
to tens of meters beneath the Martian surface, assuming it came from just beneath
the spall zone of an impactor ~1-10 km in diameter (Melosh, 1984; 1985). This is
consistent with its complicated shock history, consisting of two or more stages.

The next ejection event was the nakhlite event. The nakhlites, Governador Val-
adares, Lafayette, and Nakhla, were recovered at three widely separated localities:
Egypt, Brazil, and Indiana. They are clinopyroxenites, have the same radiometric
crystallization ages, and the same ejection age of ~11.4 Myr. The dunite, Chas-
signy, is a fourth meteorite with a ~1.3 Gyr crystallization age and an ejection age
of 11.3 £ 0.6 Myr. Its radiogenic isotope composition and the abundances of sev-
eral key incompatible trace elements suggest a close relationship to the nakhlites.
Although Chassigny is mineralogically distinct from the nakhlites, it probably was
ejected simultaneously with them. If so, it and the nakhlites probably were previ-
ously moved to their place of ejection. If, however, they crystallized near the center
of a ~100 m thick flow (Treiman, 1987), they may have been ejected directly by
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a large event. Alternatively, they may have experienced a two-stage shock history,
with the earlier, lighter shock overprinted by the shock of the ejecting impact. In
any case, early Amazonian Martian terrain, on the HT timescale, appears to have
been sampled only once. We call this the NC event following Treiman (1995a).

The shergottites present the greastest puzzle. Taken at face value, the CRE
ages indicate 4 ejection events within 5 Myr on terrain of three different, young,
crystallization ages. Four basaltic shergottites, Shergotty, Zagami, Los Angeles,
and QUE94201, have ejection ages in a narrow range of 2.7-3.1 Myr, and one
lherzolitic shergottite, ALH77005, has a similar ejection age of 3.06 & 0.20 Myr.
The ejection ages of two other lherzolites (3.94 + 0.40 Myr for LEW88516 and
4.70 £ 0.50 Myr for Y793605), however, do not overlap with those of the basaltic
shergottites. The exposure ages of the three lherzolites are somewhat uncertain
because of uncertainty in production rates, and because no 8'Kr ages yet exist. Fur-
ther, ALH77005 and LEW88516 are similar in several properties (Treiman et al.,
1994) and might be expected to have the same ejection age. Thus, the differences
in ejection ages among these three lherzolites are not easily interpreted.

Let us consider a scenario in which these 4 shergottites and the 3 lherzolites
were ejected in a single event, and assume that the higher ages of LEW88516 and
Y 793605 are due to an exposure to cosmic rays prior to ejection from Mars (Nagao
et al., 1997). Nishiizumi and Caffee (1997) also concluded that for Y793605 it is
not possible to completely eliminate, based on radionuclide activities, the possibil-
ity of a pre-irradiation on the surface of the parent body. On the other hand, Treiman
et al. (1994) found from the radionuclide activities of LEW88516 that most of its
cosmic-ray exposure probably occurred as an individual meteoroid. Furthermore,
the cosmogenic 2?Ne/?!Ne ratios are 1.227 4 0.035 for LEW88516 (Eugster et al.,
1997a) and 1.207 £ 0.020 for Y793605 (Terribilini et al., 1998), indicating irra-
diation as small bodies for the total duration of exposure. A complicated exposure
history beginning with excavation of LEW88516 and Y793605, followed by ejec-
tion within 1-2 Myr, or reburial of these two rocks between their initial excavation
and ejection, seems improbable. Nevertheless, the shock features of Y793605 do
suggest a two-phase shock history. These plutonic rocks probably crystallized at
considerable depth, and were relocated to the ejection site. Peak shock pressures
for all three are the highest among the Martian meteorites, suggesting that they
were excavated from deeper depths than the other shergottites, and thus that they
were more heavily shielded against cosmic-ray irradiation immediately prior to
ejection. Nevertheless, the more brecciated texture of Y793605 suggests that it
may have spent some time in a relatively shallow surface location. Thus, it may
have acquired some cosmogenic noble gases between its first and second shock, the
latter being coincident with its ejection from Mars. Nearly identical crystallization
ages of 179£5 Myr and 178+ 8 Myr, respectively, for ALH77005 and LEW88516
(Table III), raise the possibility that all the lherzolites were ejected simultaneously
with ALH77005, Shergotty, Zagami, and Los Angeles, even though the “ejection
ages” of LEW88516 and Y793605 are analytically resolved from the others.
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Additional events seem to be required for the shergottites/lherzolites DaG476
and 489, and EET79001. The ejection ages for EET79001, DaG476, and DaG489,
are 0.73 & 0.15 Myr, 1.24 £0.12 Myr, and 1.25 + 0.20 Myr, respectively. DaG476
and 489 are likely to be part of a single fall, so the coincidence of their ejection
ages is not surprising. The ages of DaG476/489 do not appear to overlap that of
EET79001, and are clearly younger than those for the shergottites and the lherzo-
lites. Zipfel et al. (2000) derive a slightly older ejection age of 1.35£0.10 Myr for
DaG476. In any event, its old crystallization age of ~474 Myr indicates a separate
ejection event for it. The ejection age of EET79001 has some ambiguity. Most CRE
ages for EET79001 have been determined for lithology A, leading to a preferred
value T, = 0.60 £0.09 Myr (Table IV). This value, when combined with the
averaged terrestrial age of 0.13+0.12 Myr, yields T5; = 0.73 +0.15 Myr (Table IV).
A significantly higher value of 1.22 4+ 0.24 Myr would be obtained, however, by
combining the '°Be-?'Ne CRE age of 0.90 4 0.17 Myr for EET79001 lithology B
(Pal et al., 1986) with the terrestrial age of 0.324+0.17 Myr reported for EET79001
(Sarafin et al., 1985). This is the highest value derivable from the EET79001 data
and is in good agreement with the preferred ejection age of DaG476 (Table IV).
Thus, the resolution of the EET79001 and DaG476 ages may not be completely
established. The disparity in apparent ejection ages of lithologies A and B of
EET79001 may be related to the chemical differences between them, which affect
the spallation nuclide production rates used to calculate CRE ages.

6. Provenance of the Martian Meteorites

6.1. ALTERNATIVE EJECTION SCENARIOS

Inconsistent numbers of Martian ejection events are inferred from crystallization
and CRE ages, respectively. One may argue, that either some of the CRE ages
are due to secondary collisions after ejection from Mars, or that there are vast
expanses on Mars that not only are “young”, but are the same age, within current
experimental uncertainty. In the following, we characterize these two approaches.

6.1.1. Cosmic-Ray Exposure Events: Without Secondary Collisions

This assumption takes the ejection ages at face value (Eugster er al., 1997b). Fig-
ures 7a and 8 show the following events: Spy, (Dhofar019 shergottite), O (orthopy-
roxenite), NC (nakhlites and Chassigny), Sy (lherzolitic shergottites, especially
LEW88516 and Y793605), S (traditional basaltic shergottites), Sy, (DaG476/489
and SaU005), and Sg (EET79001). These 7 events include 5 related to shergottites.
Three of these are on terrain <500 Myr old. A modification of this scenario might
allow an additional event, Sp, for QUE94201 because of its unique crystalliza-
tion age. Thus, in this scenario there are 7-8 ejection events, 5-6 of which are for
shergottites <~500 Myr old, and three include shergottites ~175 Myr old.
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6.1.2. Events Based On Crystallization Age: Cosmic-Ray Exposure With
Secondary Collisions

Nyquist et al. (1998) preferred the term “small body ages” to “ejection ages” to
emphasize that the event directly dated was initiation of exposure of “small” bodies
to cosmic radiation. “Small” was defined by Bogard er al. (1984) as <~6 m as a
safe upper limit. A practical definition of “small” is that size below which a two-
stage exposure becomes detectable in the total radionuclide and stable spallation
nuclide data. This size is difficult to quantify, but is apt to be somewhat smaller,
perhaps ~3-4 m in diameter. In a “strong” version of this model, some CRE ages
may be unrelated to the actual ejection events. In this case, the minimum number
of events suggested by the crystallization age data are: O, NC, and S (Nyquist ef
al., 1998). An additional two events Sq, and Sp,g, might be allowed because the
crystallization ages of QUE94201 and DaG476 differ from ~175 Myr, and another
two events may be permissible because precise crystallization ages of Dhofar019
and SaUO005 are not yet available. The whole rock Sm-Nd data (Figure 6), and
initial Sr- and Nd-isotopic data (not shown) suggest that DaG476, QUE94201,
and Dhofar 019 constitute a suite of samples separate from the ~175 Myr sher-
gottites. Treiman (1995a) considered a larger array of petrologic, chemical, and
chronological data, and suggested two distinct sites of origin for the then known
SNC meteorites, which did not include QUE94201, DaG476/489, or Dhofar019.
Thus, the probable number of events in this scenario is > 4: O, NC, S, and S,,
where subscripts 1 and 2 separate the ~175 Myr shergottites from ~300—500 Myr
shergottites. Subgroup S; may be further sub-divided into as many as three. The
~3 Myr exposure age for QUE94201 perhaps should exclude it from S,. Also,
SaU 005 is almost certainly paired with DaG476/489 on the basis of their CRE age.
Note that for 4-6 ejection events the “secondary collision” hypothesis is required to
hold only in a “weak” form for the young exposure age of EET79001. In that case,
ejection events would have occurred at ~20 Myr, ~15 Myr, ~12 Myr, ~3 Myr,
and ~1.3 Myr, respectively, assuming that some of the lherzolitic shergottites had
some exposure on the Martian surface.

That half or more of the total number of Martian meteorite ejection events
yielded shergottites <~500 Myr old continues to be a paradox. According to new
spacecraft observations, very late lava flows appear to cover an area of ~10 km?
(Keszthelyi et al., 2000), ~7% of the total area of Mars, or ~12% of the volcanic
surface area (Tanaka er al., 1992). The previously recognized Late Amazonian
volcanic surface was only ~3.3 x 10f km? (Tanaka et al., 1992), so the apparent
over-representation of shergottite-ejection events compared to the total number of
events and to the number of orthopyroxenite and nakhlite events persists. This
shergottite age paradox (Nyquist et al., 1998) is most pronounced for scenar-
1os involving no secondary collisions in meteorite transit from Mars. That is, the
probability that of 3—4 random events, at ~4.3(?), ~3.0, ~1.3, and ~0.7 Myr
ago, 2-3 ejected meteorites having indistinguishable crystallization ages within
an analytical precision of a few percent, would seem to be very low. If these are
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truly separate, random, events, there must be great expanses of ~175 Myr lavas
on the Martian surface. Keszthelyi et al. (2000) noted that the ~107 km? of newly
recognized flood basalts in Elysium and Amazonis Planitia is an area roughly the
size of Canada. The age paradox appears to require an even larger area; i.e., ~50%
of the 84 x 10° km? total volcanic surface area of Mars (Tanaka er al., 1992)
appears to be required to be <~500 Myr old, and ~2/3-3/4 of that to be ~175 Myr
basalt if the events at ~4.3, ~3.0, and ~0.7 are due to separate, random impacts
on the Martian surface. The fewer the number of shergottite ejection events, the
more easily reconcilable is their number with the Martian cratering record, and the
number of nakhlite and orthopyroxenite ejection events (one each).

Finally, it should be noted that Martian surface ages are derived by scaling an
assumed Martian cratering rate as a function of time to the lunar cratering rate as
a function of the absolute ages of lunar surfaces as determined on returned lunar
samples. Hartmann (1999) estimates the uncertainty in this process to be on the
order of a factor of three. If the Martian cratering rate were higher than assumed in
Tanaka et al. (1992), the apparent ages of Martian surface units would be shifted to
lower values. Surface terrain of age ~1.3 Gyr, assumed to be present in the Early
Amazonian on the HT model, and representing ~9% of the volcanic surface of
Mars, would actually be found in the Late Hesperian, representing ~14% of the
volcanic surface. Surface terrain of ~0.5 Gyr or less, found in the Middle and late
Amazonian in the HT model, would be shifted to Early Amazonian, representing
~15% of the volcanic surface. Together they would represent a sizeable fraction
of the total surface (~29%), and a significant probability that Martian meteorites
would be <1.3 Gyr old. Even in this case, however, the relative frequency of
shergottite events to nakhlite events would be expected to be only ~1:1.

Mars may have been more active in recent times than previously thought, and
late, thin lava flows may be relatively ubiquitous on the Martian surface, increas-
ing the probability of young meteorites. Clarification of whether the ages of the
meteorites are in proportion to the exposed area of young surfaces, however, will
require a) continued and refined chronological studies of the Martian meteorites;
b) absolute calibration of the Martian crater-frequency curve via returned Martian
samples; ¢) more high resolution imagery of the Martian surface; and d) evaluation
of the compositional biases, if any, that may exist in the yield of meteorites from
surfaces of different compositional types.

6.2. POTENTIAL SOURCE TERRAINS

Several authors have sought to identify potential Martian source terrains and can-
didate source craters for the Martian meteorites (Nyquist, 1983; Mouginis-Mark
et al., 1992; Treiman, 1995a; Barlow, 1997; Nyquist et al., 1998). Such attempts
have relied primarily on the crystallization ages of the meteorites and the perceived
characteristics of the resulting impact craters. Mouginis-Mark et al. (1992) iden-
tified 9 candidate source craters for the SNC meteorites on the Tharsis plains of
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Mars, the only area of the planet seen to have lava flows < 1.3 Gyr old on the HT
model using Viking imagery. The higher resolution imagery from the Mars Global
Surveyor (MGS) has shown the presence of thin, nearly craterless, lava flows on
areas that are more heavily cratered at the Viking resolution, however (Hartmann,
1999; Hartmann and Berman, 2000). These new observations significantly extend
the Martian surface area known to be covered by young basalts, as well as lower
some cratering ages into the range of the ages of SNCs by either model. Crater
densities on these young lavas are 1073 to 102 times the densities on lunar maria
of ages ~3.5 Gyr, so that some Martian basalts appear to be as young as ~10 Myr
or less (Hartmann and Berman, 2000).

6.3. IMPLICATIONS OF EJECTION MODELS

Three recent developments loosen the restrictions on possible source terrains for
the shergottites: a) The MGS data show young, thin, lava flows covering older flows
in some localities, particularly in Elysium and Amazonis Planitia (cf. Keszthelyi et
al., 2000). b) The older crystallization ages of ~330 Myr, and ~475 Myr found for
QUE94201 and DaG476, respectively, further extend the potential source terrains.
¢) The lower theoretical limiting crater size for meteorite ejection of >3 km (Head
and Melosh, 2000) increases the number of candidate source craters, as compared
to those >10 km (Mouginis-Mark et al., 1992).

The decrease in crater size required for meteorite ejection according to the
Melosh (1984) spallation model greatly increases the number of fragments po-
tentially ejected from Mars. According to Mileikowsky et al. (2000) the number
of fragments ejected from craters ~13 km diameter on Mars with shock pressures
<1 GPa over 4 Gyr is 9.5 x 10'°, They estimate the number ejected at <1 GPa is
about 2% of the total. For craters of this size, the mean ejecta fragment diameter is
~0.3 m. These values may be compared to ~9.4 x 1( fragments of mean diameter
~0.9 m and shock pressure <1 GPa for a 30 km diameter crater, and ~2.0 x 1}
fragments of mean diameter ~3 m and shock pressure <1 GPa for a ~100 km
diameter crater. The maximum fragment diameter is estimated to be about four
times the mean diameter. The spallation model thus favors a high proportion of
small meteorites, with the relative abundance falling off by more than 2 orders of
magnitude for an order of magnitude increase in size. Although there is a high
proportion of small meteorites among the lunar meteorites, small meteorites do not
seem to be preferred among Martian meteorites (cf. Warren, 1994).

The largest Martian meteorite, Nakhla, has a recovered mass of 40 kg, cor-
responding to a spherical meteoroid ~0.3 m in diameter. This, of course, is a
lower limit on the pre-atmospheric size of Nakhla. Although 0.3 m is not large
in an absolute sense, it is ~60 times larger in mass, or ~4 times larger in radius,
than the largest lunar meteorite (Warren, 1994), implying proportionally larger
impactors. For the spallation model, Mileikowsky et al. (2000) give fragment size
I = 3 x 107* L, where L is the impactor diameter. Since this scales as Vej_z/ ’

)
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where V,; is the ejection velocity, we expect hvars/ Imoon ~1.6, implying moderately
larger Martian launch craters than lunar launch craters. A much more significant
difference would be implied if a “proto-EET79001” ~3 m in diameter is required
for later involvement in a secondary collision. A fragment this large would be at
the upper size limit for a 30 km crater. A larger crater, ~100 km in diameter, is
inferred from the spallation model if the mean fragment size is to be ~3 m.

From Gladman (1997; Figure 11), we estimate that a Martian meteorite ejected
4 Myr ago would on average spend ~0.15 Myr in the main asteroid belt, where the
collision rate is relatively high. Wetherill (1988) gave the half-life, ¢ (Myr), against
collision in the main belt as v ~1.2r'/? for meteoroids of radius r (cm). Thus, for
r = 150 cm, 7 is 15 Myr, and on average ~1% of objects launched 4 Myr ago
would undergo secondary collisions in the main belt. If a large number of fragments
were launched simultaneously, as implied by recovery of 3-7 individuals from
the shergottite (S) event, then the probability that one of those individuals would
have undergone a secondary collision would be ~3-7%. Thus, the possibility of
secondary collisions in space after ejection of meterorites from Mars cannot be
discounted a priori. As noted earlier in the paper, crystalline rock fragments from
the ~25 km diameter Ries crater shocked to the range of the Martian shergottites do
not exceed a size of ~0.5 m. Fragment size should scale as the product of dynamic
tensile strength and projectile diameter (Melosh, 1985). An increase in this product
of a factor of ~6 or more for the Martian source crater of the shergottites compared
to the Ries would appear to be required to yield proto-EET79001 fragments.

Mileikowsky et al. (2000) have estimated the minimum crater size theoretically
consistent with proto-EET79001s of ~3 m at ~30 km. For ~0.3 m fragments, their
estimate of an ~13 km final crater diameter is in close agreement with ~15 km
estimated by Warren (1994) for Nakhla. This is ~15 times larger than the largest
source craters Warren estimates for the lunar meteorites on the same basis, an unex-
pected difference considering Mars/ IMoon ~ 1.6. Warren (1994) also estimates that
a crater ~11 km in diameter is required to launch the largest shergottite, Zagami.
Thus, the relatively large size of the Martian meteorites may indicate derivation
from relatively large craters, in spite of the lowering of the theoretical limit of the
Melosh (1984, 1985) model for the smallest crater required for launch.

6.3.1. Implications of the Apparent Shock Pressure Launch Window

The observation of an apparent “launch window” of peak shock pressures for the
Martian meteorites may have implications for their launch mechanism and prove-
nance. Early attempts to account for the existence of Martian meteorites sought
the explanation in unusual, relatively rare, events because conventional cratering
theory did not account for them. It was argued, for example, that ejection velocities
could not exceed twice the “particle velocity” produced in a compressive wave at
the peak shock pressures the meteorites had experienced. This maximum velocity
could be achieved only at a free surface. Stoffler er al. (1986) gave the particle ve-
locities according to the Hugoniot equation of state for the then known shergottites
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as ~1.5 — 2.0 km/s for peak shock pressures of 29 — 43 GPa, corresponding to
ejection velocities of 3 — 4 km/s. The additional meteorites included here widen
the “launch window” to ~20 — 45 GPa, corresponding to particle velocities of
0.8 — 2.2 km/s for the range of materials involved. Thus, their free surface launch
velocities are ~1.6 — 4.4 km/s, and are below Martian escape velocities.

Nyquist (1983) suggested that vapor drag might provide the needed accelera-
tion, especially in “richocheting”, very oblique angle, impacts. Numerical simula-
tions supported the idea that oblique impacts could launch meteorites from planets
(O’Keefe and Ahrens, 1986). Vickery (1986) considered a range of possibilities
involving vapor phase acceleration, and concluded that if the proto-SNCs had di-
ameters of a few centimeters or less, gas acceleration from a 30-km-diameter crater
would be consistent with their ejection from Mars. Interestingly, the equivalent
spherical radii of Martian meteorites corresponding to their recovered masses are in
the range ~2-30 cm. Larger craters would give higher final velocities. For example,
at a launch position, x, one crater radius, rp,, from the point of impact, 0.5 m rocks
would be accelerated by factors of ~1.7 for a 30 km diameter crater and of ~2.9
for a 130-km crater. Vickery concluded that these factors, combined with the distri-
bution of spall velocities at x/r, = 1 according to the Melosh (1984) model, would
not result in velocities exceeding the Martian escape velocity. In fact, the effect
of gas drag at x/r, <0.4 was to decelerate “ejecta” from the spall model. Thus,
vapor drag did not appear to augment the number of meteorites ejected compared
to those ejected by spallation alone. Nevertheless, when applied to possible free
surface launch velocities of ~3-4 km/s for the shergottites, these factors result in
velocities >5 km/s, as required for launch from Mars. Thus, vapor drag should not
be ignored as a potential acceleration mechanism.

The oblique impact hypothesis has the attractive feature that craters produced
by this process have a distinctive “butterfly” morphology that allows them to be
identified. Nyquist (1983) and Nyquist et al. (1998) identified some candidate
oblique impact source craters for the SNC meteorites, whereas Barlow (1997) iden-
tified a candidate oblique impact source crater for the orthopyroxenite ALH84001.
Recently, attention has fallen on the Chicxulub “K-T impact” crater as of proba-
ble oblique impact origin. Schultz and D’Hondt (1996) show a time-lapse photo-
graphic sequence of the evolution of an impact-generated vapor cloud as well as
summarizing the evidence for Chicxulub as an oblique impact. Hydrocode mod-
eling of Chicxulub (Pierazzo and Melosh, 1999) and of oblique impacts more
generally (Pierazzo and Melosh, 2000) describe the development of downstream
melt and vapor plumes in such impacts. If surface fragments of Mars were launched
into such oblique impact vapor plumes at velocities close to the escape velocity,
perhaps some would acquire the “boost” needed for launch. Kadano and Fugiwara
(1996) experimentally verified that for nylon projectiles impacting Cu targets, solid
ejecta fragments are accelerated to velocities approaching that of the expanding
vapor cloud. Continued studies should show whether oblique impacts could have a
significant role in launching Martian meteorites.
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However, the spallation model of Melosh (1984) is most widely considered.
Warren (1994) applied it in detail to the launch of both lunar and Martian me-
teorites. In general the model worked well for lunar meteorites, with some mod-
ification to account for the high abundance of regolith breccias and the shallow
launch depths of the lunar meteorites. There are no regolith breccias among the
Martian meteorites, however. In other respects, also, including a preponderance of
small meteorites relative to larger ones, and a majority of unshocked meteorites
relative to moderately to highly shocked ones, the spallation model matches the
lunar meteorites better than the Martian meteorites.

In the spallation model, interference of a reflected rarefaction wave from the
free planetary surface with the direct compressive wave reduces shock pressures in
a zone of interference, where near-surface material can be ejected at high velocity
without experiencing high compressive shock pressures. Spalls form at the bound-
ary of the interference zone with a lower “free-field” zone. In the “hydrodynamic
ejection model” (Melosh, 1984, 1985, 1989), the ejection velocity is given as

Ve ~ 2V [1 4 (s/d)?] (1)

which reproduces Equation 5.5.3 of Melosh (1989). Here, V,(r) is the particle ve-
locity in the compressive shock at a distance r = (s + d?)!/? from the “equivalent
center” of the impact. The horizontal distance s is measured across the surface
from the impact site to the ejection site. In analogy to nuclear explosions, d is the
“equivalent depth of burst.” The particle velocity varies with distance according to

Vo(r) = C, (U/2) (a/r)"¥ (2)

Here, U is the velocity of an impactor of mean radius a, and G, ~ 1 is a “coupling
constant.” The equivalent depth of burst is given approximately by

d ~ 2a (pp/py) 3

Here, pp and p; are the projectile and target densities.

For s = 0, Equation (1) appears to give the “velocity doubling rule” for free
surfaces, i.e., ejection velocity equal to twice the particle velocity. However, par-
ticle velocities corresponding to the observed peak shock pressures would lead to
ejection velocities of only ~1.6—4.4 km/s for the Martian meteorites, as mentioned
earlier. Equation (1) can only lead to ejection velocities in excess of 5.0 km/s if the
theoretical particle velocity of Equation (2) is decoupled from the empirical particle
velocity inferred from the peak shock pressures experienced by the meteorites.
In this model, this “decoupling” of theoretical and empirical values of particle
velocity is due to the interference of the compression and rarefaction waves.

Launch acceleration is proportional to the upward component of the pressure
gradient acting on a volume of material (cf., Melosh, 1984, 1989). Let the peak
shock pressure in the compressive wave be Ry, that in the rarefaction wave B,
and the resultant pressure in the zone of interference be E.,. Because the com-
pressive wave arrives first at a given point in the target, R rises from zero as the



AGES AND GEOLOGICAL HISTORIES OF MARTIAN METEORITES 151

compressive wave approaches, attains a maximum value, Pn.x < Pey as the tensile
wave arrives, falls to a value P, limited by the tensile strength of the material,
as the maximum of the of the compressive wave passes, and finally returns to zero
as the tensile wave passes (cf., Melosh, 1985, Figure 3). The empirical particle
velocities corresponding to peak shock pressures registered in the meteorites are
those corresponding to P, whereas the particle velocity V;, in Equation (1) cor-
responds to P, of the compressive wave. Thus, in the interference zone very near
the free surface, the velocity-doubling rule no longer applies, and further, as noted
by Melosh (1985), the ejection velocity “is exactly twice the particle velocity in
the compression wave only at the (unphysical) point on the surface lying directly
above the equivalent center.”

The complete decoupling of theoretical and empirical particle velocities appears
to apply for lunar, but not for the Martian meteorites, in which the observed shock
levels are at least partially coupled to the ejection phenomenon (Figure 7). Only
a boost in acceleration above that recorded in the Martian meteorites is needed
for their ejection, accomplishable as part of the spallation process, or by another
ejection mechanism instead of, or in addition to, the spallation. Melosh (1989,
Figure 5.8) presents contours of peak shock pressure and ejection velocity for the
spallation model as a function of depth in units of the projectitle diameter. Ejection
velocity contours are given in units of impact velocity, U, and pressure contours
in units of pU>. For a typical impact velocity U = 15 km/s and target density
p. = 3.3 g/em?, peak shock pressures of 15 GPa < Py, < 45 GPa for Martian
meteorites give ~0.2 < (Pnax/otU ) < 0.6, corresponding to depth to diameter
ratios, d/a, in the range ~0.1 — 0.3 very near the impact site and just below the
near surface interference zone. Ejection velocities lie in the range 0.2 < (¥/U)
< 0.5, ie., 3.5 km/s < Vi < 7.5 km/s for U = 15 km/s. Thus, for impactors
~1 km in diameter, the depth of origin of the Martian meteorites is implied to be
~100 — 300 m. Such impactors would produce final craters ~13 km in diameter
(Mileikowsky et al., 2000).

One apparent discrepancy between the predictions of this model and observa-
tions of the Martian meteorites concerns the apparent absence of lightly shocked
Martian meteorites from our collections. According to the model (e.g., Melosh,
1989, Equation 6.4.3), the mass m,; of material ejected at velocities greater than
V.; and shocked to pressures less than Fy,y is

mei/m = 1.2 (Puax/pcLU) [1 = (2Ves/ U) ] “)

where m is the projectile mass, and ¢ is the seismic wave velocity of the tar-
get. The other quantities are as previously defined. For g, = 6 km/s, Py, =
15 GPa, and other quantities as above, this equation predicts m;/m = 0.08.
Likewise, mej/m = 0.23 is predicted for Pp.x = 45 GPa. Thus, we would expect
that approximately 1/3 of the meteorites would have been shocked to pressures
<15 GPa, whereas none are observed. The seriousness of this discrepancy is un-
clear because the number of recovered meteorites may be too few to give reliable
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statistics. Indeed, agreement between observation and theory is significantly im-
proved if the lower value of P, is shifted to ~20 GPa, so that the nakhlites
populate a low-shock bin. In this case, the observed ratio of “low-shock” to “high-
shock” meteorites becomes 1: 6 in comparison to the predicted value of 1: 2.3.
Nevertheless, the apparent lack of lightly shocked Martian meteorites is puzzling.

Because the functional relation between R, and particle velocity V, varies
with composition, there could be a compositional bias in the material ejected.
Also, because both maximum pressure and particle velocity in the compressive
wave decrease approximately as the inverse square of the distance from the impact
(Equation 2; Melosh, 1985, Figure 1), and the area of an annulus of interference
increases with the square of the distance, the majority of the material ejected will be
near the largest value of » and the smallest value of V, consistent with acceleration
to escape velocity. This effect may lead to relatively long delays between arrival of
the compression and rarefaction waves, and, thus, to relatively high values of B
for the Martian meteorites.

Strong coupling of compressive shock into ejected Martian meteorites implies
that they come from very near the surface contour of the spall zone. The most likely
place of origin of the meteorites is from within the zone of “Grady-Kipp frag-
ments” lying just below the spall zone illustrated in Figure 11 of Melosh (1984).
The locus of the spall contour is given by z, in Equation (3) of Melosh (1985).
Warren (1994) estimates the ratio of z, to projectile radius r, as z,/r, ~0.2 — 0.4,
and z, ~50 — 100 m for a ~10 km diameter crater produced by an impactor of
radius r, ~250 m. These depths are consistent with those estimated above by
comparing meteorite shock pressures to the predicted shock contours of Melosh
(1989), and allow excavation of the basaltic shergottites and possibly even the
nakhlites from their places of igneous crystallization. The textures of the lherzolitic
shergottites show that they crystallized in a large volume (Harvey et al., 1993), and
thus at greater depths, and suggests they were relocated to the place where they
were ejected. Because coherent, homogeneous material is required for build-up
of maximal pressure gradients, highly brecciated material from the Martian high-
lands probably is discriminated against in the launch process. Thus, ALH84001,
although previously shocked, probably was part of a larger coherent block prior to
its ejection from Mars, and not part of the Martian regolith.

7. Concluding Remarks

Further study of the shock metamorphic histories of the Martian meteorites, com-
bined with an improved quantitative understanding of the ejection mechanism(s),
can make an important contribution to determining launch conditions and pre-
launch sample locations. As additional meteorites are discovered, it will be particu-
larly important to establish whether the “launch window” of peak shock pressures
is maintained. Head and Melosh (2000) conclude that most Martian meteorites
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come from relatively small events of crater diameter ~3 km, just large enough to
eject candidate Martian meteorite material. Nevertheless, several characteristics of
the meteorites, including a relatively high percentage of “large” meteorites, strong
launch pairing, sampling of a limited number of events, pre-launch shielding from
cosmic rays, and, possibly, secondary break-ups in space, favor larger events. War-
ren (1994) noted that in the context of the spallation model, Nakhla and Zagami,
representatives of two main ejection groups of Martian meterorites, probabably
came from craters ~15 km and ~11 km in diameter, respectively. The launch
mechanism for the Martian meteorites is sufficiently uncertain that a number of
possible mechanisms should continue to be evaluated, however.

Because the places of origin of the Martian meteorites are unknown, use of
their ages for calibrating the cratering rate is distinctly limited. Nevertheless, the
observation of young igneous crystallization ages among the meteorites, down to
~165 Myr, shows that Martian volcanism continues essentially until the present
day. Moreover, the observation of a high proportion of young ages suggests that
Mars has been volcanically relatively active at recent times. The grouping of Mar-
tian meteorite ages around certain preferred values emphasizes the need to correct
for “launch-pairing” among them, in contrast to the lunar case, where most indi-
vidual meteorites appear to represent individual ejection events (Warren, 1994).
We note that efforts to determine reliable launch-pairing of the meteorites will
enable better interpretation of a variety of mineralogical, geochemical, and isotope
geochemical data obtained for these rocks, currently our only samples of Mars.
Finally, it must be noted that the degree of reliability currently achieved for radio-
metric dating of the Martian samples results from two decades of experience and
improvements in laboratory techniques. Not all of the problems encountered in
dating these samples have been analytical. Martian rocks appear to bear the record
of a complex series of igneous and secondary processes, and the return of Martian
samples to terrestrial laboratories will be required to answer the many remaining
questions of Martian chronology. Those samples, too, will doubtless hold surprises
for unwary analysts, but, if adequate samples are returned, dating them absolutely
should be possible.
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Abstract. Results by Neukum et al. (2001) and Ivanov (2001) are combined with crater counts to
estimate ages of Martian surfaces. These results are combined with studies of Martian meteorites
(Nyquist et al., 2001) to establish a rough chronology of Martian history. High crater densities
in some areas, together with the existence of a 4.5 Gyr rock from Mars (ALH84001), which was
weathered at about 4.0 Gyr, affirm that some of the oldest surfaces involve primordial crustal ma-
terials, degraded by various processes including megaregolith formation and cementing of debris.
Small craters have been lost by these processes, as shown by comparison with Phobos and with the
production function, and by crater morphology distributions. Crater loss rates and survival lifetimes
are estimated as a measure of average depositional/erosional rate of activity.

We use our results to date the Martian epochs defined by Tanaka (1986). The high crater den-
sities of the Noachian confine the entire Noachian Period to before about 3.5 Gyr. The Hespe-
rian/Amazonian boundary is estimated to be about 2.9 to 3.3 Gyr ago, but with less probability
could range from 2.0 to 3.4 Gyr. Mid-age dates are less well constrained due to uncertainties in the
Martian cratering rate. Comparison of our ages with resurfacing data of Tanaka et al. (1987) gives
a strong indication that volcanic, fluvial, and periglacial resurfacing rates were all much higher in
approximately the first third of Martian history. We estimate that the Late Amazonian Epoch began
a few hundred Myr ago (formal solutions 300 to 600 Myr ago). Our work supports Mariner 9 era
suggestions of very young lavas on Mars, and is consistent with meteorite evidence for Martian
igneous rocks 1.3 and 0.2 — 0.3 Gyr old. The youngest detected Martian lava flows give formal crater
retention ages of the order 10 Myr or less. We note also that certain Martian meteorites indicate
fluvial activity younger than the rocks themselves, 700 Myr in one case, and this is supported by
evidence of youthful water seeps. The evidence of youthful volcanic and aqueous activity, from both
crater-count and meteorite evidence, places important constraints on Martian geological evolution
and suggests a more active, complex Mars than has been visualized by some researchers.

1. Background: Cratering Studies and the Relation to Martian Rocks

Through the process of impact cratering, Nature randomly stamps circular bowls of
known shape on planetary surfaces. This fact offers us a tool for interpreting plan-
etary surfaces. Though the accumulated numbers of impact craters, we can assess
ages. Through the modification of the crater shapes by erosion, dust deposition,
lava flow coverage, etc., we can assess geological processes of the planet.

In this volume Stéffler and Ryder (2001) summarized the basic radiometric
dating that dates lunar surfaces, and correlates with impact crater density. Neukum
et al. (2001) laid out evidence that the shape of the crater size distribution and

*‘ Space Science Reviews 96: 165-194, 2001.
w © 2001 Kluwer Academic Publishers.
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Figure 1. Comparison of young and old Martian surfaces. a) On a relatively fresh lava flow, such as
this example in Amazonis Planitia at latitude 25.4 N, longitude 166.5 W, the lack of accumulated
impact craters directly reflects the young age. b) On the older highland surface in Isidis Planitia,
shown here, crater density is higher, and dust drifts cover small craters at latitude 8.4 N, longitude
276.5. The net effect of such dust drifts is to obliterate small craters preferentially, relative to larger
craters in older areas. MGS images M00-00536 (a) and FHA-00521 (b). All MGS images in this
chapter are courtesy Malin Space Science Systems and JPL Mars Global Surveyor Project.

time dependence of cratering is known in the inner solar system. They show that a
relatively uniform shape of size distribution is observed on relatively undisturbed
surfaces, such as lunar maria, lunar ejecta blankets, and some asteroids. This shape
—more specifically the number of craters/km? produced on a surface in a given time
as a function of diameter D — is called the “production function” for impact craters.
Ivanov (2001) derives the cratering rate of Mars relative to the moon. Combining
the results of those chapters, we know the rate of production of craters on Mars of
any given size, and hence the absolute crater retention age of different stratigraphic
units on Mars within an uncertainty factor of about two or three.

For a surface undisturbed by non-impact processes, e.g. a deep lava flow cov-
ering a large area, the analysis of accumulated craters to determine an age is
conceptually straightforward (Figure 1). This situation is approached in the lunar
maria, which formed mostly between about 2.9 and 3.9 Gyr ago - a factor of only
1.3 in age. However, the relatively active geology of Mars produces a more com-
plex case than the moon. Younger lava flows may interfinger with older background
surfaces with higher crater density. Martian rocks as well as crater counts show that
Martian lava flows cover a much larger range of age, a factor of 100 or more.

“Crater retention age” (CRA) was defined by Hartmann (1966a) as the average
time interval during which craters of diameter D are preserved on a given surface.
For a young lava flow, where no craters have been lost, it should be the age of the
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flow itself. For older surfaces, it is D-dependent and refers to the preservation time
of the craters. For example, on an idealized surface, with constant net accumulation
of dust on crater floors, small craters would be obliterated faster, and the CRA
would be small for small craters, and larger for larger craters. For the largest craters
the CRA may indeed be the age of the formation of the surface.

Various stratigraphic units have been mapped on Mars and their relative ages
have been determined by a combination of superposition relations and crater densi-
ties (Tanaka, 1986; Scott et al., 1987). In principle, absolute ages can be estimated
through impact crater densities. However, the absolute chronology and absolute
ages of different Martian stratigraphic units have been known only crudely due to
uncertainties, primarily in the Martian impact flux and methodologies used to scale
the lunar cratering to Mars. Viking and Mariner 9 analysis produced a wide range of
chronologic systems, with no clear consensus on absolute ages (Hartmann, 1973;
Soderblom et al., 1974; Neukum and Wise, 1976; Hartmann et al., 1981; Neukum
and Hiller, 1981; Strom et al., 1992).

In recent years, as developed in detail throughout this book, the absolute Mar-
tian chronology has been loosely constrained by two complementary data sets.

First, as discussed by Nyquist et al. (2001), Martian meteorites give precise
radiometric crystallization ages for rocks from a small number (4 — 8) of impact
sites on Mars. The nakhlites and Chassigny appear to represent a mafic igneous
intrusion 1.3 Gyr ago, and the basaltic shergottites appear to represent surface
flows somewhere on Mars about 165 — 475 Myr ago. In addition, one Martian
meteorite, ALH84001, gives a crystallization age of 4.5 Gyr and with subsequent
carbonate formation at about 3.9 — 4.0 Gyr ago, and little subsequent. This sample
suggests that in at least some regions, primordial crust is not only preserved but
also exposed, relatively near the surface. Cratering studies (Melosh, 1989) indicate
that the ejected rocks are likely to come from near surface layers, no more than
a few hundred meters down, although this is not regarded as proven, because the
impact models to not appear to have reached a state of sophisticated maturity.

The Martian impact sites not only reveal recent igneous activity, but also show
evidence of liquid water-based activity after the rocks formed. Shih et al. (1998)
and Swindle et al. (2000) dated weathered minerals in the 1.3 Gyr-old nakhlite,
Lafayette, concluding that it had been exposed to liquid water around 670 Myr
ago. In a similar vein, Sawyer et al. (2000) and Bridges and Grady (2000) find that
the nakhlites Lafayette, Nakhla, and Governador Valadares all contain evaporite
minerals, such as gypsum, anhydrite, and clays, caused by exposure to evaporating,
seawater-like brines more recently than 1.3 Gyr ago. In addition, Malin and Edgett
(2000a) identified water seeps and resultant gullies on crater-free hillsides that are
relatively free of dust accumulation; these have unknown ages, but appear to have
less dust cover than some of the young lavas (Hartmann, 2001).

In summary, the available Martian rocks establish a Martian chronology of ig-
neous activity and water based weathering that stretches from the beginning of
Martian history to the last few percent of Martian time.
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The second constraint on Martian absolute chronology is the impact record, and
it appears consistent with the rock data. Crater counts on different units, especially
since Mars Global Surveyor (MGS) imagery was available, show a wide range of
ages, including geologically young activity. The earliest Mariner data, from 1965
to 1971, revealed heavily cratered areas where the largest craters, D > 64 km, had
crater densities similar to those in the lunar highlands, with inferred ages of the
order 3.8 — 4.5 Gyr (Leighton ef al., 1965). In these same regions, smaller craters
(250 m < D < 16 km) have lower numbers than in the lunar highlands and a
wide range of degradation states, suggesting losses of smaller craters by erosion
and deposition, as first suggested by Opik (1965, 1966). Similar losses of small
craters occur on Earth. The numbers and losses of craters of various smaller diam-
eters and depths offer a way to characterize “crater retention ages” and the rate of
geologic activity in terms of the time scale needed to fill or obliterate the craters, as
discussed by Hartmann (1966a). Much of the early, Mariner-era work was devoted
to deciphering the history of obliteration processes, and generally suggested that
the craters revealed strong obliteration, with a higher rate in early Martian history
(()pik, 1965, 1966; Hartmann, 1966a, Hartmann, 1971; Chapman et al, 1969;
Jones, 1974; Soderblom et al., 1974). From Mariner 9 images, Hartmann (1973)
derived 3 — 4 Gyr ages in the uplands, along with enhanced erosion/deposition
in early Martian time, but also proposed volcanic activity about 300 Myr ago in
Tharsis, and this was supported this with later analysis of the impact rates and
(Hartmann, 1978; Hartmann et al., 1981). Several other early chronological studies
of the 1970s (Soderblom er al., 1974; Neukum and Wise, 1976) derived somewhat
older ages for the upper Amazonian volcanic features, emphasizing that most Mar-
tian geologic activity was concentrated in an early period. Later efforts, such as
Neukum and Hiller (1981), Hartmann (1998), and the Martian rock data (Nyquist
et al., 2001) allowed for of a tail of igneous and other activity extending into the
present. MGS confirmed massive layering and mobility of dust and fine material on
Mars (Malin et al., 1998), which supports the idea that small craters are removed
by erosional/depositional effects, as on Earth, and this must be taken into account
when interpreting crater retention ages (see also Greeley et al., 2001). One way of
expressing the modern issue is to ask about the frequency distribution of igneous,
erosional, and depositional activity as a function of time.

The crater-dating results and the Mars meteorite results are independent, and
their present agreement gives some confidence that the two methods give accu-
rate ages. The early suggestions of young igneous units on Mars in 1973 came
before any meteoritic suggestion of young igneous activity. Papanastassiou and
Wasserburg (1974) noted that Nakhla’s properties implied late formation on a
body that might be bigger than most asteroids, but that body was still unknown.
Just before the wide recognition of young Mars meteorites, NASA convened a
“Basaltic Volcanism Study Project,” within which a consortium including Strom,
Shoemaker, Weidenschilling, Chapman, Dence, Grieve, Hartmann and others used
asteroid/comet data to estimate relative Mars/moon cratering rates, and then used
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crater counts by various researchers to infer Mars ages — an antecedent of the
method used here. The consortium concluded that the Martian uplands are very
old, but that some of the younger plains of Mars, such as the Tharsis volcanism,
had ages in the range of a few hundred Myr to around 2.0 Gyr (Hartmann et al.,
1981). The recognition of similar Mars meteorite ages culminated a year or two
after that work was done. Suggestions began to be floated as early as 1979-81 that
Mars might be a source for such objects (Nyquist e al., 1979; Wood and Ashwal,
1981) but acceptance of this idea came a few years later when Martian atmospheric
gases were found in them (Bogard and Johnson, 1983).

Mars Global Surveyor, orbiting Mars since 1997, added a new twist to the un-
derstanding of the youngest volcanic units, by means of much higher resolution
images (1.5 m/pixel). In certain restricted areas, such as Elysium Planitia, these
revealed lava flows with fresh surface textures and very sparse numbers of well-
preserved impact craters (Keszthelyi er al., 2000). For some flows, initial counts
suggested densities of small craters of the order of one percent those of the lunar
maria, implying ages of <100 Myr, possibly <10 Myr (Hartmann and Berman,
2000). This work affirmed a conclusion by Plescia (1990) that Elysium Planitia
has very young lavas. In addition, other early MGS analyses pointed to other broad
areas of lava flows, such as the Tharsis volcanoes and Amazonis Planitia, where
ages of at least some flows appeared to be <100 Myr. Thus, the cratering data
independently support the conclusion from the Mars meteorites that igneous geo-
logic activity on Mars has persisted from early times down to the present geologic
era, though the rate may have decreased, since the youngest flows are rare.

The meteorite data and the cratering data are complementary in another way.
Meteorites give good ages but poor statistical sampling of Mars; craters give poorly
constrained ages but good statistical sampling of known units. These units may
not be studied by sample return or in situ studies for decades to come. A major
goal of this chapter and earlier chapters is to refine the methodology and tie these
two complementary systems together, so that crater densities can give reasonably
accurate absolute ages (potentially within 20%) for all stratigraphic units, and can
be tested for consistency with the known Martian rock samples.

2. Issues with Regard to Crater Count Chronologies on Mars

The crater count methodology has several fundamental limitations. First, the total
crater density is measured by statistically fitting the crater count data (size distri-
bution) to the known production function over a wide range of D. The fit, by least
squares techniques, is limited to about 10% accuracy, and curves fit to data from
different workers on the same images have about the same level of repeatability
(Hartmann et al., 1981). Neukum and co-workers achieved a higher degree of
accuracy and repeatability by using stereo coverage of many units, such as in their
lunar work (Neukum, 1983; Neukum et al., 1975).
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A second limitation is that several slightly different definitions for the bound-
aries of a given stratigraphic unit, such as a particular set of lava flows or a putative
paleolake deposit, may exist. Thirdly, the crater retention age for a given unit, such
as a sequence of lava flow, represents only a new age, biased towards the younger
surface subunits. Fourth, in order to extend the crater counts to larger diameters, it
is necessary to cover larger areas in order to achieve good statistics, and this may
be in conflict with the need to define a specific small geologic unit.

Hartmann et al. (1981) and Lissauer et al. (1988) reviewed these problems and
concluded that crater counts generally give repeatable characterization of overall
crater density and relative ages of various units to an uncertainty factor of about 1.2
to 1.3. These issues suggest an ultimate limit of perhaps 5% to 20% uncertainty
in ages simply due to the process of defining a homogeneous geologic unit, and
gathering good cratering statistics, not counting the (presently larger) uncertainties
in crater production rate R . On Mars relative to the moon.

These issues are exacerbated by a peculiar circumstance of Martian spacecraft
exploration to date. Mariner 9 and the two Viking orbiters carried low resolution
cameras and MGS carried a high resolution camera. With the exception of a small
number of late Viking and early MGS images, there is a “hole” between the two
data sets, such that it is difficult to get good mid-size crater statistics at D ~250
to 500 m. Also, MGS does not give 100% areal coverage, so that the small crater
populations in broad units must be characterized by “postage-stamp” samples. This
leads to problems of characterizing the small crater populations of broad units.

3. The Importance of the Ry Value

Hartmann (1977) and Hartmann et al. (1981) stressed that the modern-day ratio
of Mars/moon cratering (expressed in terms of bolides/km?-yr, which is convert-
ible to craters/lkm?-yr at a fixed crater diameter, as shown by Ivanov, 2001) is a
critical, measurable parameter for determining Martian surface ages, and hence
the overall chronology of Mars. Any estimate of the Martian absolute chronology
involves, implicitly or explicitly, an estimate of the Mars/moon cratering rate ratio,
R. Hartmann (1977, 1999) adopted this approach and defined the ratio R, which is
developed by Ivanov (2001), in terms of

Ryolige = [bolides/ km? —yr on Mars]/[bolides/ km? —yr on the moon] (D)

at a fixed bolide diameter. This can be derived from direct observations, as dis-
cussed in more detail by Ivanov (2001), and also from dynamical considerations
involving asteroid and comet populations, as treated by Bottke (in preparation).
This leads in turn to the definition of

Rerater = [craters/ kmz—yr on Mars]/[craters/ kmz—yr on the moon]. )
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Neukum and Ivanov (1994) and, more explicitly, Ivanov (2001) show that R aer
is a function of crater diameter, because of factors involving the slope of the size
distribution and also the transition from simple to complex craters.

The largest current uncertainty is in Rpolide- A review of recent estimates sug-
gests that the uncertainty is as much as a factor 2 in either direction, caused partly
by an uncertainty in the contribution of cratering by comets. As reviewed by Ivanov,
our estimate of Rylide i primarily based on asteroids. From tabulations of known
Mars- and Earth-crossing asteroids, Ivanov (2001) derived Ryjige = 2.0, and Bot-
tke (personal communication, 1999) also derives Rpoiige = 2.0 from dynamical
studies of asteroid feeding mechanism.

The treatment by Ivanov (2001) is currently the best available summary of Reaer
and its application to Mars chronology. Figure 2 introduces the resulting crater
count diagram, and plots the isochrons derived by Ivanov from the Neukum data
and from the Hartmann data, along with the isochrons derived below for other
ages. “Isochron” is defined as the number of craters that would be produced on a
single surface of specified age, and would be still visible today in the absence of
any obliterative effects. As seen in Figure 2, the Neukum and Hartmann isochron
systems, each with its own independent history stretching over more than 20 years,
lie within a few percent of each other 125m < D < l kmand at22km < D <
45 km, but differ by as much as a factor 2 to 3 at diameters around 2 to 11 km.

The difference at 2 to 11 km apparently stems from differences in our original
data bases of post-mare impact craters. We independently averaged over different
lunar mare units to characterize the mare crater density. We are still investigating
this difference; it illustrates the danger of basing age determinations on too narrow
arange of D. However, we are gratified at the close agreement over most of the D
range, which shows that a good fit of crater data to isochrons should be possible
if crater counts are used over a sufficiently wide range of D. Based on our entire
discussion, we believe we can use crater count data to fit isochrons with an effective
1-sigma uncertainty of about a factor 2 in the age determination.

Figure 2 shows the isochrons in a format developed by Hartmann and co-workers
for MGS data, but the remaining plots of data in this paper several different for-
mats. The first two formats are “standard formats” recommended by a cratering
consortium (Crater Analysis Techniques Working Group “CATWG,” 1979). These
formats have both advantages and disadvantages. The first is cumulative, which
has an advantage of smoothing the data, but the disadvantage of suppressing any
turndown in crater population toward smaller diameters. For example, in an in-
cremental plot, removal of craters smaller than D due to flooding of an area by a
lava flow would produce an dramatic tuarndown in an incremental curve, while the
cumulative plot merely levels off. Also, the CATWG group recommended using
equal scales for the ordinate and abscissa, but this makes the curve is graphically
so steep that it is hard to see structure in the curves or differences between them.
The second plot, known as the R-plot, plots the data in increments of log D relative
to an arbitrary —2 power law, which approximates the size distribution of larger
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Figure 2. Comparison of isochrons derived by Ivanov (2001) from lunar crater count data by Neukum
(it upper curve of each pair) and independent lunar crater count data by Hartmann (lower curve). The
isochrons from the two independent sources mostly average within 30% of each other, but in the
few-kilometer diameter range have discrepancies of a factor 2 to 3. The agreement, combined by
the uncertainty in Rerater (see Ivanov, 2001) gives a measure of the uncertainty of derived ages.
We estimate this uncertainty at a factor about 2. Top solid line shows saturation equilibrium level
(see Figure 3). Short solid lines show definitions by Tanaka (1986) of boundaries between Amazo-
nian (bottom), Hesperian (middle), and Noachian (top) Periods. See text for derivation of isochron
positions. Figure a) shows standard cumulative format and b) shows the “R”-plot, both as defined
by Crater Analysis Techniques Working Group (1979). Figure c¢) shows the log differential plot, as

developed for Mars Global Surveyor (see text).

craters. The R-plot magnifies structure in the curves and discrepancies between
various curves, which has both advantages and disadvantages. The concept is less
obvious for readers not involved in the cratering field. It can lead to discussion of
“structure” that may be noise, and the reference line of —2 slope is not especially
significant, since it is not directly observed in any population. For these reasons,
the third format, mentioned by CATWG (Appendix I), was chosen and developed
by Hartmann and colleagues for the MGS data sets. This is designed to follow the
design principle that a graph is easiest to read if the average apparent slope is near
45°. It plots numbers of craters in logarithmic increments in D, giving sensitivity
to turndown, and it also gives numerically the same slope as the cumulative plot.
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In addition to Ivanov’s basic 3.4-Gyr isochron, Figure 2 shows isochrons for
other surface ages on Mars. We will now derive those isochrons. The time behavior
of the cratering rate, as measured in the Earth-moon system, is fairly well known
(Stoffler and Ryder, 2001; Neukum et al., 2001; Ivanov, 2001). Neukum (1983)
gave a numerical solution for this time dependence, quoted by Neukum et al. (2001,
Equation 5). The Neukum time dependence indicates that the isochron for 4.0 Gyr
age should be about 16 times higher than that for 3.4 Gyr.

An upper limit exists near this point. Hartmann (1966b) showed empirically
that the lunar upland crater density at D > 2 km is a factor of 32 higher than that
for average mare. Hartmann (1984), Neukum and Ivanov (1994), and Hartmann
and Gaskell (1997) have shown that craters reach a saturation equilibrium curve at
this level, corresponding to ages greater than ~4 Gyr. This result on saturation is
also confirmed by Phobos (Figure 3a), which, orbiting above the Mars atmosphere,
has no losses due to the Martian surface erosion regime, and displays cratering
that accurately fits the saturation equilibrium curve defined by Hartmann (1984;
Figure 3b). This saturation equilibrium curve is thus viewed as the empirical upper
limit for crater density, and is shown by the heavy solid curve that bounds the
top of Figure 2. Neukum and Ivanov (1994) noted that the shape of the saturation
equilibrium curve depends in principle upon the input production function size
distribution, although the general level, for the known size distributions, is expected
from numerical simulations to lie at the level of the curve shown here (Hartmann
and Gaskell, 1997). We believe that the saturation curve is not a precise fixed limit,
but fluctuates around the curve shown here, as time goes on, depending on factors
such as the age and location of the last largest impact basin (which can spread
ejecta, obliterate craters, and reset the surface age at sites near the basin).

Precise isochrons between 4.0 and 3.4 Gyr are hard to map because the cratering
rate declined rapidly during this period. On the positive side, any counts falling
above the 3.4 Gyr isochrons are restricted to a very early era of Martian history and
thus have value in constraining geophysical evolution. Isochrons for ages younger
than 4 Gyr have the shape of the production function, except that they truncate
where they hit the saturation level, because crater densities can’t easily rise above
this level. We adopt the argument by Neukum et al. (2001) that the shape of the
isochrons, i.e. the production function, has been constant through time, though
Strom et al. (1992) have suggested that it was different in the earliest history of
Mars. Counter arguments are given elsewhere (Hartmann, 1984, 1999).

Starting with Ivanov’s isochron for a 3.4 Gyr surface on Mars, we now derive
isochrons for younger ages. We use the Neukum (1983) time dependence, which
shows the cratering rate declining somewhat after 3.4 Gyr ago and leveling out by
3 Gyr ago. As reviewed by Stoffler and Ryder (2001), Neukum et al. (2001), and
Ivanov (2001), evidence suggests that the crater production rate on Mars, averaged
over 100 Myr timescales, has been constant within about a factor 2 since 3 Gyr ago
(see also Neukum, 1983; Grieve and Shoemaker, 1994; Grier et al., 2000).Thus,
isochron crater density levels scale roughly with age after 3 Gyr ago.
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Figure 3. a) MGS image SP2-55103, showing Phobos. b-d) Crater densities on Phobos measured by
Hartmann from Mariner 9, Viking, and MGS imagery, plotted in the three formats of Figure 2. The
solid line is the least squares fit by Hartmann (1984) to the most densely cratered surfaces on the
lunar far side, Phobos, and outer solar system satellites, and is regarded as the empirical upper limit
due to saturation equilibrium. Note contrast with Mars data in other figures.

Note that because we start with the lunar mare crater densities (Ivanov, 2001),
the Mars isochron positions depend fairly strongly on the age assigned to the
lunar maria, because the cratering rate was changing during that time. Table I
summarizes this issue by tabulating the total accumulated number of craters on
a 3 Gyr surface, relative to various other ages, assuming Neukum’s cratering time
dependence and, for comparison, a constant cratering rate. The table shows how the
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TABLE I

Crater Density at 3000 Myr Relative to that on Older Surfaces
Assumed age [Crater density on 3000 Myr surface]/[Crater density on surface of age T']
of lunar mare
surface, T’ Neukum time dependence Constant cratering since 7'
3400 Myr 0.68 0.88
3500 Myr 0.54 0.86
3600 Myr 0.38 0.83

assumed mean mare age affects positioning of the 3 Gyr isochron (and hence all the
isochrons for younger ages). We adopt Ivanov’s mean age of 3.4 Gyr and multiply
Ivanov’s Mars crater densities at 3.4 Gyr by 0.68 to get the position of the 3 Gyr
isochron. To be conservative, we estimate a 20% uncertainty in ages introduced in
this stop. While Figure 2 shows the Ivanov/Hartmann/Neukum 3.4 Gyr isochron,
because it is represents our initial input data, the remaining figures in this paper
show the 3.0 Gyr isochron for ease of interpolation; it has a slightly lower position.

4. Young Surfaces: Evidence for Youthful Volcanism

As emphasized by the MGS Imaging Team, it is important to study the youngest
Martian volcanic stratigraphic units for several reasons. First, their dates constrain
models of geothermal evolution of the planet. Second, a deep, youthful lava flow, if
unaltered by still more recent dunes or dust drifts, is a perfect surface for recording
the production function diameter distribution of impact craters, and offers a test
of our assumed production function shape (i.e. isochron shape). Third, as noted
by Hartmann (2001), youthful volcanism might provide a key to understanding
recent aqueous phenomena, such as young water deposition and erosion features
(Shih ez al., 1998; Swindle et al., 2000; Sawyer et al., 2000; Bridges and Grady,
2000; Malin and Edgett, 2000a), by providing a geothermal source for melting
permafrost. We now discuss several examples of young lavas.

a) Arsia Mons. This volcano was studied by Hartmann er al. (1999) in one of the
first MGS reports on young volcanism, where ages of 40-200 Myr were suggested
in the summit caldera. Figure 4a shows a sample MGS image of the young lava
textures along the rim of the summit caldera. Figure 4b-d shows our current data
set and the isochrons diagrams derived here. The data in the caldera give a best
fit to a mean lava flow age in the central caldera of about 200400 Myr, with a
somewhat older, less constrained age of about 500-2000 Myr for the average of
the whole volcano surface flows, based on larger craters.
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Figure 4. Young lavas on Arsia Mons. a) The outer rim of the Arsia Mons caldera (fop) and the caldera
floor (bottom) show overlapping young lava flows. (Lat. 8.7 S, long. 120.8 W, MGSAB1-03308).
b-d) Comparison of crater counts and isochrons derived in this paper suggests a characteristic age of
a few hundred Myr for most surface flows on the flanks and caldera floor of Arsia Mons.

b) Elysium Planitia. This area was correctly described as young lavas by Plescia
(1990). Keszthelyi et al. (2000) confirmed unusually fresh-appearing lava textures,
similar to examples of flood basalts found in Iceland. Hartmann and Berman (2000)
derived an age of a few Myr to 100 Myr from crater counts. Figure 5a shows MGS
images of young lava flows at different scales. Figures 5 b-d along with plots of the
crater counts against the isochrons derived here. These data at D < 500 m suggest
very young ages of a few to 30 Myr for some of the youngest flows.
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Figure 5. Young lavas in Elysium Planitia. a) Younger, darker flow (bottom) flows across an older,
cratered surface and around the largest crater. (Lat. 5.5N, long. 214.3 W, MGS MO3-03779).
b-d) Crater counts reflect heterogeneity, with some older background flows having ages of order
900 Myr, while some of the youngest lava flows suggest ages of 10 Myr or less.

Hartmann and Berman (2000) raised an important point about the dating of the
Martian lava plains. While the lunar mare lavas date almost entirely from 2.9 to
3.9 Gyr, or at most from around 2.0 to 4.0 Gyr (a factor of 1.3 to 2.0 in age), the
Martian lavas, even within a restricted area such as Elysium Planitia, appear to
cover a much larger range in age, because the youngest flows are so young. Thus,
if the Martian flow ages in Elysium Planitia range from 10 Myr to 300 Myr, their
range of crater densities spans a factor 30, rather than the factor mentioned for
the moon. For this reason, individual high resolution MGS images which happen
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to fall in the youngest individual flows can fit much younger isochrons than the
average crater densities at larger diameters, derived over larger areas from low-
resolution Viking images. This effect can cause some difficulty in fitting crater
density data to our isochrons, with some MGS frames giving much lower ages at
low diameter (D <500 m) than at high diameter (D 21 km). However, we note
that individual flows shown on individual MGS frames fit our isochrons reasonably
well, as seen by the connected dots in Figures 5b-d.

¢) Amazonis Planitia. Amazonis Planitia is a region northeast of the young
Elysium Planitia lavas, which appear to flow into the Amazonis area (Plescia,
1990; Keszthelyi et al., 2000). Figures 1a and 6a show aspects of the area, including
a very uncratered flow overlapping a young background. As shown in connected
dots in Figure 6b-d, some of these sparsely cratered flows fit the Neukum and
Hartmann isochrons for ages as young as 3 to 20 Myr. Our average of data over the
older background flows (solid symbols) gives a fairly good fit to the Neukum and
Hartmann isochrons for age 100—200 Myr, all the way D = 31 mto D = 1 km. At
larger sizes, D > 1 km, the isochrons suggest older ages, ~500 — 900 Myr on the
Hartmann system to 0.6 — 2.0 Gyr on the Neukum system. The 5 to 10 km craters
counted on Viking frames could actually predate a few of the final, thin (4-m?),
10-Myr old flows that dot the Amazonian plains.

d) Olympus Mons. Olympus Mons is of special interest as the largest volcanic
construct on Mars. Figure 7a shows an example of an individual recent lava flow
running from top center to bottom center. Figures 7b-d show our various data sets.
Using the Hartmann or Neukum isochrons, the data in the range 45 m < D <
700 m suggest a characteristic age of the order 100 to 200 Myr, respectively, for
the uppermost exposed lavas on the slopes of Olympus Mons. Data including lower
resolution views at D > 700 m suggest an older age of the order 300 — 500 Myr
for flows in the upper few hundred meters. Some MGS frames such as MGS/MOC
SPO1-41105 show individual flows with much lower crater densities giving ages
of the order 10 Myr in either isochron system (connected open circles).

5. Comment on Mid Range Ages by Crater Count Methods

Figure 8 shows the region of the Viking 1 landing site in Chryse Planitia. This area
and many other plains are older than the young lava flows we have been discussing.
Both isochron systems indicate ages in the range of 3 to 4 Gyr, probably involv-
ing craters formed in underlying strata, whose rims and ejecta are still exposed.
The Chryse Planitia plains appear to be cut at their western edge by massive flow
features, where water apparently emptied into the area.

Although we can assign older absolute ages to such plains than to the young
lavas, we wish to point out a fundamental limitation of the crater count method
as applied to Mars at the present level of our knowledge. The uncertainty of a
factor 2 in ages, arising primarily from the uncertainty in the factor R, presents an
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Figure 6. Young lavas in Amazonis Planitia. a) Fresh lava textures, similar to those of Figure 5a in
Elysium Planitia. (Lat. 26.5 N, long. 167.5, MGS 02-04131). b-d) Crater counts suggest an average
age of the order 200 Myr, with the youngest individual flows having ages as young as 10 Myr or less.

unfortunate situation for dating events in “mid-Martian” history. For example, if
our best dating of a given feature is 2.0 Gyr, the actual 1-o range of ages could be
from 1 to 4 Gyr. Such an age has little value in placing constraints on the geological
history or geophysical evolution of the planet. This is the reason we emphasized
the youngest volcanism in Section 4. If we obtain an age of the youngest volcanic
features of, say, 20 Myr, then even a 4-o error would give an age of 80 Myr, and
we would appear to have a robust constraint on geologically young volcanism.
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Figure 7. Young lavas on Olympus Mons. a) Tongue of lava the flank, leaving a negative relief
channel with levees at the top, changing to.a positive relief flow front at the bottom. Lat. 20.0N,
133.3 W, MGS M09-05643. b-d) Crater counts suggest an average age of a few hundred Myr on the
slopes, with the youngest flows having ages of the order 10 — 100 Myr.

6. Older Areas: Steady State Size Distribution and Long-term Crater Infill

Before 3.5 Gyr ago, the cratering rate was higher. Surfaces of that age approach
the saturation equilibrium density in terms of accumulated impacts, but the ob-
served numbers of craters has been reduced by cumulative effects of erosion and
deposition during or since that era.

Mars Global Surveyor images affirm that mobile dust drifts and thin lava flows
are a strong influence in obliterating smaller craters (Malin ez al., 1998; Keszthelyi
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Figure 8. Viking 1 landing site area. a) Cratered plains of Chryse Planitia near the Viking 1 land-
ing site. Lat. 22.5N, long. 48.0, MGS SP1-23503. b-d) Crater counts suggest an age of the order
1-3.5 Gyr for the plains in this region. See text for discussion.

et al., 2000; Hartmann and Berman, 2000). Greeley et al. (2001) discuss the perva-
sive effects of aeolian deposition, and the possibility that some older surfaces have
been covered and then exhumed, reducing the crater density. In principle, actual
ages could thus be larger than ages derived from observed craters on such a flow.
Could such effects negate our conclusions about young volcanism? Probably
not, for several reasons. 1) Even if all these areas had spent, on average, half the
time buried, the derived CRA would be half the true age, which still would evidence
geologically young volcanism on Mars. 2) To argue that the true ages are ~3 Gyr,
one must argue that all these areas have spent 97 —99% of their history buried with-
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Figure 9. Young, sparsely cratered lava flows nearly covering a 4 km crater in Elysium Planitia. Thin
flows have lapped up against the crater rim, and additional flows could have breached the rim and
covered the interior, while leaving the rims an interiors of larger craters intact. Inset shows a Viking
frame of the same crater, illustrating that crater counts on low-resolution Viking frames may include
seemingly fresh craters that are actually postdated by thin lava flows that lap up against their rims or
ejecta blankets, without covering them. Lat. 26.4 N, long 165.8 W, MGS M02-00364.

out accurmnulating craters, and that vast areas from Elysium Planitia to the summit of
Arsia and Olympus Mons have been exhumed very recently. This would, in itself,
require recent massive geologic activity, though not volcanism. 3) Additionally,
one would need to argue that the measurements of Mars meteorite ages by different
labs with different isotopic systems are seriously and systematically in error.

Averaging over large areas, mobile dust does gradually accumulate on crater
floors, because they are potential wells. The net effect of dust migration and, in
certain areas, continued lava flows, is to cover and obliterate smaller craters while
leaving larger ones. How can we predict crater size distributions for the conditions
in which mobile dust deposits and other cumulative infill processes tend to oblit-
erate craters? The early modeling work of 1966-71, by Opik (1966), Hartmann
(1966a, 1971), Chapman et al. (1969), and Chapman (1974) treated crater floors
as potential wells and assumed that during long term episodes of deposition and
deflation, there would be a net deposition in low spots. In the first-order model,
the crater was assumed to disappear when the dust infill or lava flows reached
the top of the rim. MGS images also show thin lava flows lapping up against the
otherwise sharply-defined rims or rampart ejecta blankets of fresh-looking bowl-
shaped craters (Figure 9). If the lava reaches the top of the rim, lava would flow into
the crater and partially or totally fill it, obliterating smaller craters while leaving
larger craters relatively fresh-looking, at least at low resolution. If the average rate
of dust deposition in crater floors, or the average rate of lava accumulation around
rims, is assumed to be constant in a simple model, then the lifetime of a crater
would be proportional to crater depth (or rim height, which is roughly proportional
to crater depth), at least to first order.
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Figure 10. Schematic diagram illustrating the effect of gradual, constant crater infill in producing a
steady state size distribution. If craters tend to fill in (due to processes such as net dust deposition
and/or lava flows) the lifetime will be proportional to depth and rim height, which is roughly propor-
tional to diameter D. This causes a loss proportional to D, which reduces the slope by approximately
unity. See text for further discussion.

This in turn means that small crater lifetimes would be roughly proportional to
their size, with small craters disappearing more rapidly, leading to a shallower slope
in the crater size distribution on old surfaces. The basic idea can be understood
graphically as in Figure 10. Suppose a crater of size D has depth d, and after time
T it has been just filled in by dust, and the rim has been worn down and perhaps
mantled by drifts, to the extent that it is not detected in crater counts. Now consider
a crater of size 0.1 D. As a thought experiment, suppose depth is proportional to
diameter, so that it has a depth 0.1 d. Then the oldest small craters would be 1/10 as
old as the oldest big crater. If we assume constant crater production, we would see
only 1/10 of the total number that had formed. This bends the D distribution down
to a shallower slope, by unity in this example, since one decade in N is lost for one
decade decrease in D. Chapman et al. (1969) and Hartmann (1971) made similar
analyses, and Hartmann (1999) modified it with better data on the depth-diameter
relation. The latter curve is used here. To be more realistic, if a proportionality
exists between the a declining cratering rate and a declining infill/obliteration rate
during the first 1 Gyr, then a similar shape of curve still results (Hartmann, in
preparation). This predicted behavior fits surprisingly well with observed data,
suggesting that the older regions of Mars have been shaped by measurable mean net
infill of craters. The crater populations, in the oldest area of Mars, are dramatically
different than those in younger areas or in the old, unflooded uplands of the moon
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Figure 11. Plains Adjacent to Nirgal Vallis. a) Examples of degraded craters. Lat. 28.6 S, long.
41.6 W, MGS AB1-00605. b-d) Crater counts show good fit to the predicted steady state line.

(Hartmann, 1971; 1995). We now give examples of older, upland surfaces that
support the principles discussed above. Hartmann (1999) gives other examples.

a) Uplands adjacent to Nirgal Vallis. An example of a moderately old Martian
upland is given in Figure 11, showing the surface and crater counts around Nir-
gal Vallis, in the southern uplands. The MGS image shows a range of degraded
morphologies with intercrater flat areas that may be covered with dust sediments.
The crater counts approach saturation at D>16 km, and follow the steady state
deposition law derived above at smaller diameters.
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Figure 12. Potpourri of Martian crater counts on exposed Martian surfaces show a general fit to
the predicted steady state line (solid bent line), with a scattering of many younger surface ages. A
comparison is made to the Phobos counts (top), proving that losses must have been experienced on
the Martian surface by erosion and deposition.

b) Potpourri. To demonstrate the behavior of the oldest regions, Figure 12 shows
a “grab-bag” sampling of crater counts from the PSI group from many different ter-
rains on Mars. Of great interest is the upper envelope on crater density in the oldest
areas. It falls dramatically below the saturation line found for Phobos (Figure 3),
but fits the profile suggested for long term infill and erasure of craters, described
above. The interpretation is that the oldest craters of D2>22 km are in saturation
and date back to very early times. The oldest craters of 500 m<D <22 km have
lifetimes less than the age of the planet and fall well below saturation. Still smaller
craters have even shorter lifetimes, but form fast enough to maintain densities up
to saturation on old surfaces. The data support the view that, under typical Martian
conditions (just as in the more extreme case of Earth) erosion and deposition limit
the crater densities to a steady state curve below that on the lunar highlands.

From these principles, one can estimate net mean infill rates of craters from
Figures 10-12. For example, the lifetimes (maximum ages) of 350 m scale craters
are of order 3.0 Gyr. These craters have depth of order 70 m (Pike, 1977; Strom
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et al., 1992), suggesting a mean infill rate of order 20 nm/yr on crater floors, av-
eraged over the last 3.0 Gyr. Larger craters of D = 16 km have lifetimes around
3.5 Gyr and depth 1300 m, giving a mean infill rate of order 400 nm/yr since
that earlier time. The infill rate in the first Gyr must have been higher than the
later rate, according to these numbers. A more systematic approach (Hartmann, in
preparation) suggests infill rates were one to two orders of magnitude higher prior
to ages around 3 Gyr ago, supporting a result in the next section. These numbers,
for net deposition on crater floors, are not inconsistent with estimates of erosion.
Golombek and Bridges (2000) list 100 to 10,000 nm/yr in the Noachian, 100 to
1000 in the Noachian to Hesperian, and 0.1 to 10 nm/yr from Hesperian to present.

7. Dating the Amazonian/Hesperian/Noachian Relative Stratigraphic
System

A goal of Martian chronology studies is to derive the absolute dates of the relative
stratigraphic periods defined by Tanaka (1986). In principle, such dating is now
straightforward, because we can use Tanaka’s defining crater densities to measure
the ages from our isochron system. In practice there are several complications.

First, Tanaka defined the boundaries only in the diameter range 1 km< D> 16 km,
which leaves open the question of the boundaries that could be determined (for
example) from MGS images at crater diameters of 11 to 500 m. Second, Tanaka
assumed that the crater production function followed a —2 slope cumulative power
law in this region, and calculated crater densities at D = 1 km and 4 to 10 km by
extrapolating from densities at D = 2 km (Tanaka, 1986, Table 2 footnote). Current
data show the production function is shallower than Tanaka’s fit. This means the
Tanaka assumed isochron shape does not exactly fit ours, producing a D depen-
dence of inferred age. Worse yet, the D range of Tanaka’s definitions, especially
from 4 to 16 km diameter unfortunately overlaps the region where the Neukum
and Hartmann systems, as reduced by Ivanov (2001), give the least consistent ages.
Thus we can give only approximate ages for the boundaries. Finally, some of these
approximate ages mostly fall in mid-Martian history (1 to 3 Gyr), and as explained
in Section 5, these are the least valuable in constraining Martian geologic time,
because of the uncertainty factor in our absolute ages, of about two.

While Tanaka’s definitions of the beginnings of the epochs are precise, they
are not completely internally consistent because of point 2 above, and there is a
slight imprecision in defining the boundaries of the epochs. In view of this, and in
view of the importance of the beginning of the Amazonian, we have re-examined
the crater densities at the beginning of the Early Amazonian, fitting crater data
to a wide size spectrum, not just to the diameters cited by Tanaka in the original
definition. We use counts (from Neukum’s group) for the Chryse/Arcadia Planitia
type area of 57,500 km?. Figure 13 shows a fit of 100 craters with D > 1 km to
the Neukum production function derived by Ivanov (2001). The smaller craters,
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Figure 13. Crater densities in type areas related to the beginning of the Lower Amazonian, relative to
Martian highlands and to Arsia Mons caldera. The fits of the Neukum production function shape to
the smaller (curve I) and larger (curve 2) craters in Chryse/Arcadia Planitia are shown. The R-plot
in b) includes a surface of similar stratigraphic age in Elysium Planitia (see text). Curve 3 represents
the saturation equilibrium level defined by Hartmann (1995) and found for Phobos (cf. Figure 3).

at 0.9 < D < 1.3 km, fit a slightly lower isochron than the larger craters at
2.5 < D < 15 km, as typical of our earlier results. An interpretation is that the
larger-crater part of the distribution (Figure 13, curve 2) is related to a stratum
which was subsequently eroded, lost craters of D < 1.3 km, and was later re-
cratered to produce the population in curve 1, which would mark the base of the
Early Amazonian (~3.1 Gyr in the Neukum system). It is not certain that this
interpretation is correct, and whether curve 2 might be closer to the beginning of
the Early Amazonian (~3.4 Gyr in the Neukum system). Neukum’s group made
additional counts for Elysium Planitia (Figure 13b) which give a more uniform
CRA than the Chryse/Arcadia Planitia site, favoring the choice of 3.1 Gyr for the
base of the Early Amazonian. This example illustrates the range of uncertainty for
even a single system of isochrons, not counting the additional differences between
the Hartmann and Neukum systems in the size range of D ~ a few km.

Note that we make no effort here to redefine these boundaries or apply a correc-
tion to the —2 power law production function shape assumed by Tanaka. Although
current data suggest a certain intrinsic “fuzziness” in the Tanaka definitions of the
boundaries, we retain his definitions in terms of specific crater densities at different
Ds, and then try to make the best possible estimate of the age at each boundary.

In spite of the range of uncertainties, we offer an overview of the Tanaka stratig-
raphy in Figure 14. As noted by Ivanov (2001) and this paper, the geologically
recent (Amazonian) epochs give the most leverage on establishing the chronologic
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Figure 14. Mars cratering chronology model based on work in the present paper, using Tanaka’s
(1986) definition of stratigraphy based on crater densities at D > 1 km (plus our rediscussion of
the definition of Lower Amazonian), and Ivanov’s (2001) derivation of isochrons from Neukum and
Hartmann data. The solid lines give model ages based primarily on the Ivanov-Neukum isochrons
combined with the Neukum equation for time dependence of cratering (with essentially constant
cratering rate after 3 Gyr ago). The left curve (older ages) is from Neukum data, the right curve
(younger ages) from Hartmann. The diagram shows why uncertainties are greatest in mid-Martian
histories. The model ages assume Rpolige = 2.0. Model ages younger than ~3.0 Gyr are proportional
to 1/Rcrater (Which is roughly proportional to 1/Ry)ide) and thus an additional uncertainty enters for
those younger ages.

system because the present cratering rate is best known, and because earlier dates
crowd around 3.5 — 4.1 Gyr because of the high cratering rate at that time. To esti-
mate ages in the Tanaka system we start with the Tanaka crater density definitions
(taking into account the above discussion of the Early Amazonian beginning) and
then combine these data with the Neukum equation for crater density as a function
of time (Neukum et al., 2001, Equation 5). We find the following results.

1. The entire Noachian Period lies before 3.5 to 3.7 Gyr ago according to both
sets of isochrons. This appears to be a fairly robust result. Note that Stoffler and
Ryder (2001) re-evaluated the ages of lunar basin impacts (placing all of them
essentially between 3.7 and 3.9 Gyr ago. As a result their Figure 11 implies that
the curve in our Figure 14 turns up much more steeply at about 4.0 Gyr than we
show. We regard their age intepretations as intriguing but still unproven. In any
case, they do not strongly affect our result, because the upturn is essentially
within the Early Noachian. Indeed, a stronger upturn would even more tightly
constrain early ages on Mars (Figure 14), because all N(1) crater densities
higher than ~0.005 would be forced into the age range of ~3.7 — 4.1 Gyr.
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2. The boundary between Hesperian and Amazonian lies fairly early in Martian
history, probably around 2.9 (Hartmann system) to 3.3 (Neukum system) Gyr
ago. The position defined by Tanaka at D = 1 km lies very close to 3.1 Gyr ago
in both systems. Figure 14 uses his definitions at D = 1 km. Tanaka’s positions
at 2 to 5 km show a somewhat greater range of age in the two systems, and
this difference persists in examining younger epochs. Errors in Rpgige could
conceivably reduce the boundary age to as little as 2.0 Gyr.

3. The beginning of the mid Amazonian lies around 1.4 (H system) to 2.1 Gyr
(N system). This is the biggest discrepancy in absolute ages, occurring in
mid-Martian history for reasons mentioned earlier. Errors in Ryjige could con-
ceivably increase the uncertainty range to ~1 — 3 Gyr. Further reconciliation
of the H and N systems, and sample return or in situ dating from this Epoch
would be extremely valuable to reduce uncertainties in the system.

4. The beginning of the Late Amazonian is placed at about 0.3 Gyr (H) to 0.6 Gyr
(N). Errors in Rpoge are unlikely to make the Late Amazonian older than
1.0 Gyr. The important result here is that Late Amazonian geology robustly
is not confined to the ancient past but extends into the recent part of Martain
history. (Note also that any argument for shifting Late Amazonian ages outside
this range would have consequences in shifting all other ages accordingly,
though the Noachian is generally constrained to before about 3.5 Gyr, due to
the high crater densities, in any interpretation.)

Tanaka et al. (1987) used stratigraphic mapping to tabulate the total areas of
Mars resurfaced by volcanism, and fluvial, periglacial, or other processes in each
epoch. We divide the total area surfaced by the newly estimated duration of the
epochs to calculate the rate of activity (km?/yr) as a function of time. Regardless
of whether the Neukum or Hartmann isochrons are used, the total resurfacing rates
(km?/yr) by volcanic, fluvial, periglacial, and cratering processes were all much
greater in the Noachian and Hesperian before about 3 Gyr ago (Figures 15c¢-f).
The data suggest that eolian resurfacing has continued at a more nearly constant
rate. Tanaka et al. (1987) pioneered this analysis and obtained a similar result, but
with a wider range of uncertainty in available chronological models. The modest
recent upturn in reconstructed fluvial, periglacial, and cratering activity (Figure
15¢-e) may result from errors in the assigned durations of recent epochs, or from
the fact that the most recent units are better mapped. Measuring ages of the Mar-
tian epochs allows us to study not only geologic evolutionary processes but the
nature of the Martian surface. Figure 15a shows that only modest percentage of
the known volcanics (or of all units) are younger than 1.3 Gyr, raising the issue
as to why 3 out of 4 (or 7 out of 8?) Martian impact sites have produced such
young rocks. The problem is aggravated if one argues for older ages than we have
suggested. The statistic may also mean that Martian uplands are covered by deep,
gardened, loosely evaporite-cemented sediments that do not efficiently produce
Martian meteorites.
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Figure 15. a-b) Age distributions for volcanic surface units on Mars, using epoch definitions and
areas covered by volcanics from Tanaka et al. (1987), and dating systems of Hartmann/Ivanov (a)
and Neukum/Ivanov (b). The two results are similar, and consistent with existence of young Martian
SNC’s. Larger numbers of Martian meteorites might allow a test of whether this age distribution
applies, or whether ancient upland surfaces of 2 to 4.4 Gyr age are too weakly consolidated to produce
meteorites. c-f) Time distributions of rate of volcanic, fluvial, periglacial, and impact resurfacing
activity, based on Tanaka et al. (1987). Ages of epochs are drawn from Hartmann and Neukum
systems (reduced by Ivanov, 2001), but slightly different from Figure 14, because of using broader
diameter ranges to define the epochs. The data robustly show higher rates of activity by one or two
orders of magnitude before ~3 Gyr ago. With less certainty, the data raise the possibility of increased

fluvial and perhaps other activity within the last few hundred Myr, though this may merely reflect
easier identification of younger features.
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8. Conclusions: Implications for Martian Geological History

We have shown that cratering data offer a valuable complement to Mars meteorites
in understanding the absolute chronology of Mars. Meteorites give precise dates
from a few (unknown) stratigraphic units, while crater data give rough dates from
all stratigraphic units. With modern understanding of orbital dynamics and impact
rates, crater counts provide dates with an total uncertainty that we estimate at a
factor 2. Sample return or in situ dating would calibrate the crater dating and thus
vastly improve planet-wide dating.

The combination of rock and crater data offers the following view of Mar-
tian history. Crustal rock units formed as long as 4.5 Gyr ago, as evidenced by
ALHB84001. The fact that one of the first dozen Mars rock samples is of this age,
whereas such rocks are relatively rare from lunar samples, suggests that the Martian
situation is very different from the that on the moon. Crater densities indicate that
the old highlands should have been gardened to a depth of a kilometer or so, but
the apparent aqueous weathering and carbonate deposits in ALH84001 at 4 Gyr
ago, combined with the evidence for early fluvial resurfacing and for river and lake
formation on Mars (Malin and Edgett, 2000b) suggests that any early megaregolith
was subject to aqueous activity and probable cementing by carbonates and salts.
The exposed megaregolith crustal units dating from about 4.4 to 3 or even 2 Gyr
ago, being less consolidated, sedimentary-rich materials, may produce fewer me-
teorites, or fewer recognizable meteorites, than the primordial crust or the young
volcanic units. This may explain the “missing meteorites” in the 1.3 Gyr to 4.5 Gyr
age range. Both the Mars meteorite collection and the crater counts give strong, in-
dependent lines of evidence that volcanic and fluvial activity continued throughout
Martian history into recent times. At least two impact sites on Mars have produced
rocks with crystallization ages of 1300 and about 170-300 Myr ago. MGS images
show extremely fresh-looking lava flows with crater count ages less than 100 My,
and possibly as low as 3 to 10 Myr. Mars meteorites and MGS images also suggest
sporadic ongoing aqueous activity. Aqueous alteration in nakhlites has been dated
at 670 Myr ago. Virtually uncratered hillsides have apparent aqueous seep features
that are much younger. Our understanding of Mars must allow for relatively recent
volcanic activity and water mobility.
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Abstract. The early development of Mars is of enormous interest, not just in its own right, but also
because it provides unique insights into the earliest history of the Earth, a planet whose origins have
been all but obliterated. Mars is not as depleted in moderately volatile elements as are other terrestrial
planets. Judging by the data for Martian meteorites it has Rb/Sr ~ 0.07 and K/U ~ 19,000, both of
which are roughly twice as high as the values for the Earth. The mantle of Mars is also twice as rich
in Fe as the mantle of the Earth, the Martian core being small (~20% by mass). This is thought to
be because conditions were more oxidizing during core formation. For the same reason a number of
elements that are moderately siderophile on Earth such as P, Mn, Cr and W, are more lithophile on
Mars. The very different apparent behavior of high field strength (HFS) elements in Martian magmas
compared to terrestrial basalts and eucrites may be related to this higher phosphorus content. The
highly siderophile element abundance patterns have been interpreted as reflecting strong partitioning
during core formation in a magma ocean environment with little if any late veneer. Oxygen isotope
data provide evidence for the relative proportions of chondritic components that were accreted to
form Mars. However, the amount of volatile element depletion predicted from these models does not
match that observed — Mars would be expected to be more depleted in volatiles than the Earth. The
easiest way to reconcile these data is for the Earth to have lost a fraction of its moderately volatile
elements during late accretionary events, such as giant impacts. This might also explain the non-
chondritic Si/Mg ratio of the silicate portion of the Earth. The lower density of Mars is consistent
with this interpretation, as are isotopic data. 87TRb-87Sr, 1291.129e, 146gm 142N4, 1821t 182wy,
187Re-1870s, 235y-207pp and 238y-206ph isotopic data for Martian meteorites all provide evidence
that Mars accreted rapidly and at an early stage differentiated into atmosphere, mantle and core.
Variations in heavy xenon isotopes have proved complicated to interpret in terms of 244py decay
and timing because of fractionation thought to be caused by hydrodynamic escape. There are, as yet,
no resolvable isotopic heterogeneities identified in Martian meteorites resulting from 9ZNb decay to
927y, consistent with the paucity of perovskite in the martian interior and its probable absence from
any Martian magma ocean. Similarly the longer-lived 1761 176 ¢ system also preserves little record
of early differentiation. In contrast W isotope data, Ba/W and time-integrated Re/Os ratios of Martian
meteorites provide powerful evidence that the mantle retains remarkably early heterogeneities that
are vestiges of core metal segregation processes that occurred within the first 20 Myr of the Solar
System. Despite this evidence for rapid accretion and differentiation, there is no evidence that Mars
grew more quickly than the Earth at an equivalent size. Mars appears to have just stopped growing
earlier because it did not undergo late stage (>20 Myr) impacts on the scale of the Moon-forming
Giant Impact that affected the Earth.

A Space Science Reviews 96: 197-230, 2001.
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1. Introduction

Mars is about one-eighth the mass of the Earth and it may provide an analogue of
what the Earth was like when it was at such an early stage of accretion. The fur-
ther growth of the Earth was sustained by major collisions with planetesimals and
planets such as that which resulted in the formation of the Earth’s moon (Hartmann
and Davis, 1975; Cameron and Ward, 1976; Wetherill, 1986; Cameron and Benz,
1991). This late accretionary history, which lasted more than 50 Myr in the case of
the Earth (Halliday, 2000a, b), appears to have been shorter and less catastrophic
in the case of Mars (Harper et al., 1995; Lee and Halliday, 1997). In this article
we review the basic differences between the bulk composition of Mars and the
Earth and the manner in which this plays into our understanding of the timing and
mechanisms of accretion and core formation. We highlight some of the evidence
for early cessation of major collisional growth on Mars. Finally, we reevaluate the
isotopic evidence that Mars differentiated quickly.

Fundamental differences between the composition of Mars and that of other
terrestrial planets are apparent from the planet’s slightly lower density and from
the compositions of Martian meteorites. The low density is partially explicable if
there is a greater proportion of more volatile elements. However, given that the
terrestrial planets are chiefly (>80%) composed of O (mass ~16), Mg (24), Si (28)
and Fe (56), the proportion of Fe is clearly another critical parameter. For example,
the high density of Mercury has long been considered to be the result of a large
metallic Fe core. In a similar vein one could argue that the somewhat low density
of Mars is the result of a smaller proportion of Fe in the planet as a whole.

Two explanations have been advanced for these differences in density and (in-
ferred) Fe content between the terrestrial planets. The first is that they relate to
incomplete condensation of metal and silicate from a hot solar nebula of chondritic
composition (Turekian and Clark, 1969; Lewis, 1972). In this model, the inner-
most planets formed directly from higher temperature condensates before all of the
more volatile elements had condensed. These may have been blown away during
the early T-Tauri stages of the Sun. This requires that the terrestrial planets and
their cores formed very early, before dispersal of a still hot solar nebula. Although
condensation theory explains certain features of the distribution of elements in
refractory inclusions (Grossman, 1972; Grossman and Larimer, 1974) there is now
significant evidence against planetary accretion models based simply on conden-
sation from a hot solar nebula. For example, the preservation of presolar grains in
all classes of chondrites (Huss, 1988) is difficult to explain if these objects simply
condensed from a very hot gas. More recent models explain refractory inclusions in
terms of very localized heating within the proto-planetary disk (Shu er al., 1997).

An alternative explanation for silicate depletion and variations in planet den-
sity within the inner solar system is that these are the result of collisional strip-
ping associated with the later stages of formation of the planets (Benz et al.,
1987). Dynamic simulations (Safronov, 1954; Wetherill, 1986) provide powerful
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evidence that accretion of the terrestrial planets was highly protracted. There is now
strong evidence that such protracted accretion ultimately produces giant impacts
(Cameron and Benz, 1991; Canup and Agnor, 1998). These processes would have
been extraordinarily energetic and should have resulted in dramatic changes to the
planet’s constitution and possibly bulk composition.

2. Accretion Dynamics and the Composition of Mars

Accretion is nowadays thought to have involved three broadly overlapping stages
(Canup and Agnor, 1998). In the first stage it is necessary to get the dust and ice
of the circumstellar disc to co-adhere and build bodies of the size where gravita-
tional interactions dominate. This first stage is by far the most poorly understood at
present. Getting dust grains to stick is understood (Blum, 2000) but how rock-sized
objects accrete to build objects that are big enough for gravitational attraction to
hold them together is more difficult (Benz, 2000). Ultimately one has to achieve
bodies of about a kilometer in size. The second stage involves runaway gravita-
tional growth of kilometer-sized objects (Lin and Papaloizou, 1985). This builds
the planetesimal to ~1,000 km diameter from material sourced in a reasonably
broad provenance. As the runaway stage consumes most of the smaller material in
the inner solar system the subsequent accretion of the terrestrial planets becomes
dominated by collisions between these planetesimals and, ultimately, with other
planets, as proposed by Safronov (1954). As such, growth would be highly pro-
tracted. This is a stochastic process such that one can not readily predict growth
histories for the terrestrial planets. So dynamic models for the accretion of Mars
and other planets have largely been based on Monte Carlo simulations that generate
some solutions that result in terrestrial planets with the correct (broadly speaking)
size and distribution. By focusing on these solutions and tracking the growth of
each such planet, Wetherill (1986) showed that all of the terrestrial planets would
require a time scale approaching 108 years for accretion. He also noted that the
terrestrial planets would accrete at roughly exponentially decreasing rates. The
half-mass accretion time (time for half of the present mass to accumulate) was com-
parable (about 5 to 7 Myr), and in reality indistinguishable, for Mercury, Venus,
Earth and Mars using such simulations. Of course these objects, being of differ-
ent size, would have had very different absolute growth rates. At one time it had
been assumed that the accretion rates of the planets would decrease with distance
from the Sun because the time taken to achieve runaway accretional growth from
localized “feeding zones” should increase markedly with heliocentric distance and
more “space” from which accretion must occur. On this basis Earth would form
more quickly than Mars. However, Wetherill (1994a) showed that this concept was
wrong and that the material from which the terrestrial planets formed was derived
from such a broad provenance that only a small difference in average feeding zone
and accretion rate existed between the planets.
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The rapid conversion of kinetic energy to heat in a planet growing by accretion
of planetesimals and other planets means that it is inescapable that silicate and
metal melting temperatures are achieved (Sasaki and Nakazawa, 1986; Benz and
Cameron, 1990; Melosh, 1990). Core segregation should take place early, although
the mechanisms are not well understood (Shaw, 1978; Stevenson, 1981, 1990; Mi-
narik et al., 1996). This being the case the possibility exists that “glancing blow”
collisions between already differentiated planets (“giant impacts”) will preferen-
tially remove major portions of the outer silicate portions of the planet as it grows.
It has been argued that proto-atmospheres (Melosh and Vickery, 1989; Ahrens,
1990; Benz and Cameron, 1990; Zahnle, 1993), moderately volatile elements (Lod-
ders, 2000; Halliday and Porcelli, 2001) and even refractory silicates (Benz er al.,
1987) could be eroded by these processes. Mercury, with its high density, is a
prime candidate for a body that lost a great deal of its silicate material by giant
impacts (Benz er al., 1987). Conversely Mars, with a density lower than that of the
Earth, may actually be a closer approximation of the material from which Earth
accreted than Earth itself is (Halliday and Porcelli, 2001). The proportional size of
the Earth’s core (like Mercury’s) may well have been increased as a consequence
of giant impacts. Similarly the non-chondritic Si/Mg ratio of the Earth’s primitive
mantle (Allegre et al., 1995) may in part be the product of impact erosion of its
outer, more differentiated portions.

3. Martian Meteorites and the Bulk Composition of Mars

Martian meteorites are mafic and ultramafic igneous rocks derived from the Mar-
tian crust and possibly also the mantle. They were produced by melting of the
mantle and provide the most important direct information on the composition of
the Martian interior. One group of Martian meteorites, the shergottites, although
cumulate enriched, represent basaltic magmas. Hence, they directly reflect the
chemical composition of the Martian interior. The first extensive study on the bulk
composition of Mars was by Dreibus and Winke (1984, 1985) based on data for
SNC meteorites. There are several important papers that summarize and discuss
the composition of Martian meteorites (Wénke, 1981; Dreibus and Winke, 1985,
1987; Treiman et al., 1986, 1987; Winke and Dreibus, 1988), the most up to date
compilation being that of Lodders (1998).

Before discussing the approach of these estimates we should give some cau-
tionary advice. It is important to realize that a planet that is one-eighth the mass
of the Earth will have distinct phase stability as a function of depth (Longhi et al.,
1992; Bertka and Fei, 1997). Furthermore, the very different budgets of volatile
elements will dramatically affect a range of features including phase transitions
(Bertka and Fei, 1997), core formation (Righter and Drake, 1996), the stability
of minor accessory phases, the partitioning of trace elements during melting and
the rheology of the mantle (Breuer et al., 1997). The meteorites may not even



THE ACCRETION, COMPOSITION AND EARLY DIFFERENTIATION OF MARS 201

301 7

0 9% W 6 ]

Martian meteorites B

T v Eucrites A |
L v/ v MORB and OIB glasses V |
5 Mare basaltsz |
L 1 1 1 L 1 I | 1 I
2 3 5 7 10 15 20

Mg (%)
Figure 1. Plot showing the relationship between Fe and Mg concentrations for Martian meteorites,
eucrites, mare basalts and terrestrial OIB and MORB glasses. Data from Kitts and Lodders (1998),

Lodders (1998), Paul Warren (personal communication) and Yi et al. (2000). Note that the Earth’s
mantle appears to be more depleted in Fe than any other basalt sources sampled.

be representative. The crustal dichotomy of Mars possibly reflects fundamental
differences in the geochemistry and history of the underlying mantle (Breuer et al.,
1993). There is little evidence for large-scale convective overturn on Mars (Breuer
et al., 1997). There are few if any plate-tectonic like features (Sleep, 1994) and
shield volcanoes are sited on a static lithosphere (Carr, 1973) and fed by isolated
plumes (Harder and Christensen, 1996). So the convective stirring that homoge-
nizes the terrestrial mantle and results in uniform trace element compositions in
basalts (Hofmann et al., 1986) is lacking on Mars.

The ramifications of these differences are considerable and interpretations based
on these meteorites with extrapolations from terrestrial geochemistry need to be
considered with caution. Having said this, we also emphasize that certain aspects
of Martian meteorite composition are so consistent that representation is not likely
to be an issue. Furthermore, the lack of mantle homogenization has a very posi-
tive side. The isotope geochemistry of the Martian meteorites, even though these
objects are relatively young, can be expected to display heterogeneity preserved
from far earlier in Solar System history than is recoverable from terrestrial basalts.
Indeed, the data from Martian meteorites provide a picture of the development
of Mars that is very consistent with the information obtained from geophysics,
geology and direct sampling.

Major elements: Martian meteorites lack the depletion in Fe and certain other
siderophile elements found in terrestrial basalts (Figure 1). In this and in some
other respects they are more like eucrites or lunar basalts. They do not display the
striking Ti enrichment of lunar basalts however, which probably reflects ilmenite
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Figure 2. Cr versus Mg. Unlike in the Earth, Cr is not depleted in the Martian mantle. All data from
the Mainz laboratory.

in the lunar mantle. Manganese is also relatively enriched in SNC meteorites. Un-
der normal planetary conditions with olivine, orthopyroxene and clinopyroxene
being the major FeO- and MnO-bearing mantle phases, the liquid-solid partition
coefficients of FeO and MnO are very similar and only slightly above 1. The FeO
concentrations in all shergottites are very similar with a mean value for FeO of
18.9% and 0.48% tor MnO. These average values are similar to estimates of FeO
and MnO in the shergottite parent liquids reported by Longhi and Pan (1989). As-
suming a C1 abundance, a concentration of 0.46% MnO would be expected. Hence,
it is quite clear that contrary to the Earth’s mantle, manganese is not depleted in
the Martian mantle, but like in the eucrite parent body (possibly asteroid Vesta) is
present in C1 abundance, or, normalized to C1 and Si, MnO = 1.00. Comparing the
FeO/MnO ratio of 39.5 £ 1.2 with the C1 FeO/MnO ratio of 100.6, we obtain a
normalized FeO abundance of 0.39 or an absolute concentration of 17.9+ 0.6 wt%
in the martian mantle. In the Earth’s upper mantle the FeO concentration is about
8 wt.% or only less than half. So while the density of Mars is explained by a lower
proportion of Fe, SNC meteorites provide evidence that the Martian mantle is in
fact far richer in Fe than that found in Earth.

As iron resides as FeO in the mantle of the planets, but as metal and FeS in
the core, the FeO definitely deviates most from chondritic abundance compared to
MgO, Si0,, Al;03, and CaO, for which C1 abundances in the Martian mantle
can be assumed. As seen from Figure 2, chromium follows Mg in all Martian
meteorites with a C1 Cr/Mg ratio. Hence, as with Mn there is a clear indication that
Cr is not depleted in the Martian mantle contrary to its depletion in the terrestrial
mantle. With the assumption of a C1- and Si-normalized Mg abundance of 1.00,
we find also that the normalized Cr abundance is 1.00 in the Martian mantle. So
Mn/Cr ratios were not fractionated by core formation on Mars.
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Figure 3. K versus La. Assuming a C1 abundance for the refractory element La, an abundance of
0.30 is obtained for the moderately volatile element K. All data from the Mainz laboratory except
values for Los Angeles and Y793605 which are taken from Warren et al. (2000) and Warren and
Kallemeyn (1997).

Potassium, rubidium and cesium: As with the Moon, the eucrite parent body
and to a lesser extent the Earth, an excellent correlation of K with La is observed
for all Martian meteorites (Figure 3) with a K/La ratio of 635 compared to the C1
ratio of 2110. If one assumes a normalized abundance of 1.00 for the refractory
element La, a value of 0.30 is obtained for the abundance of K. Shergottites have a
K/Rb ratio of 289 4+ 39 and Rb/Cs ratio of 15.8 +0.8. Based on the K abundance of
0.30 one obtains abundances of 0.26 for Rb and 0.20 for Cs. As with the Earth, the
depletion is greater in alkalis with higher theoretical condensation temperature and
this may be because the mechanisms of some of the volatile losses were unrelated
to “canonical”” nebular condensation (Halliday and Porcelli, 2001).

Phosphorous and high field strength elements: For not yet fully understood
reasons, phosphorus in the Earth’s mantle is considerably depleted while in the
Martian mantle phosphorus is normal. This is the reason why phosphates play an
important role in the fractionation of LIL (large ion lithophile) elements. In the
Martian rocks the REE (rare earth elements), but also U and Th, reside mainly
in the phosphates. As phosphates dissolve easily in slightly acidified solutions,
the bearing for Sm/Nd, Lu/Hf and U/Pb dating is obvious. Phosphates may also
have a strong effect on partitioning during melting. The extreme fractionations
of Zr/Nb found in Martian meteorites are unlike anything found on Earth and
possibly reflect the increased role of phosphate in the Martian mantle (Figure 4).
Similarly the large time-integrated fractionations in Lu/Hf and Sm/Nd (Blichert-
Toft et al., 1999) could be related to the increased importance of phosphate. It has
been proposed that these are caused by ilmenite in the source region, as is the case
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Figure 4. A plot of Nb/Zr vs. Nb concentration for terrestrial mid-ocean ridge basalts (open squares;
Hofmann er al., 1986; Yi et al., 2000), ocean island basalts (open circles; Hofmann et al., 1986;
Halliday et al., 1996, and references therein; Yi et al., 2000), chondrite classes (filled squares;
Newsom, 1995), Martian meteorites (upright triangles; Lodders, 1998), eucrites inverted triangles;
Kitts and Lodders, 1998), the bulk silicate Earth (filled circle; McDonough and Sun, 1995) and the
average continental crust of the Earth (filled upright triangle; Taylor and McLennan, 1985). Note
the uniform Nb/Zr in chondrites and eucrites, and the systematic variations with Nb concentration in
terrestrial basalts. In contrast Martian meteorites display considerable variability but no relationship
with Nb. This probably relates to the increased importance of phosphorus in the Martian mantle
(Figure 8) and the effect of phosphate on the partitioning of high field strength elements.

for lunar basalts. However, Ti contents of Martian basalts are not especially high,
whereas mare basalts that formed by re-melting cumulates formed in a magma
ocean have Ti contents that are an order of magnitude higher than is found on Earth
or Mars. Indeed, the evidence for an early magma ocean stage on Mars (Righter
and Drake, 1996), unlike for the Moon, is based almost entirely on siderophile
clement abundances.

Other lithophile trace elements: Using a number of element correlations found
for the shergottites, together with other constraints from studying Martian mete-
orites, Winke and Dreibus (1988) estimated the abundance of F, Cl, Br, I, Na, P,
Co, Zn, Ga, Mo, In, T1, and W. For all refractory trace lithophile major and trace
elements they assumed C1 abundance values, including the radioelements U and
Th. For the majority of elements the values from Dreibus and Winke (1985, 1987)
agree well with those from Treiman er al. (1986), who used a similar approach.
However, the latter authors use for U, Th and Al, Ti the ratios observed in Martian
meteorites, which differ by up to a factor of 2 from the C1 values. Later Longhi
et al. (1992) adopted the Mainz model (Winke and Dreibus, 1988, and references
therein). They argued that it is more difficult to envision a series of nebular and/or
accretion processes that would lead to planet-wide fractionations of refractory
lithophile elements than to account for changes in the U/La and Al/Ti ratios in
shergottites with a multi-stage petrogenetic history.
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Figure 5. Ni versus Mg. The abundance of Ni is found from the Mars fractionation line of this
diagram, assuming a C1 abundance for Mg. All data from the Mainz laboratory.

Cobalt and nickel: These two moderately siderophile elements are of special
importance for understanding the accretion history of Mars. Cobalt shows a good
correlation with the sum of MgO + FeO in the terrestrial and Martian rocks. Hence,
knowing the FeO abundance in the Martian mantie and assuming for MgO an abun-
dance of 1.00, one obtains for Co an abundance of 0.070. Two distinct fractionation
lines for terrestrial and Martian rocks are observed in the Ni versus Mg diagram
(Figure 5), yielding a concentration of 400 ppm for Ni in the Martian mantle,
corresponding to an abundance of Ni = 0.019.

Highly siderophile elements: The highly siderophile elements (HSE) have been
difficult to determine precisely but new Re and Os measurements are now available
and provide important constraints. Judging from ultramafic Martian meteorites the
mantle has a composition that is close to that of the terrestrial mantle in terms of
Re and Os concentrations. In the production of basalts by mantle melting, Os is al-
ways strongly compatible, Re displays variable behaviour in the different planetary
bodies for which samples are available for laboratory analyses (Birck and Allegre,
1994). Osmium contents are highly variable but Re for a given planet or plane-
tary body is constant within less than an order of magnitude. Figure 6 represents
this property and shows that from an ultramafic reservoir similar in composition
for the different planets, distinct planetary trends are found in basalts or related
materials. For typical basalts containing 10 ppt Os, the Re/Os in Mars is close to
two orders of magnitude higher than in chondrites, but this is still about a factor
of 10 lower than typical terrestrial basalts. The interpretation of these trends has
been discussed extensively. A possible contamination of basaltic melts having very
low Os contents with impacting chondritic materials has been excluded (Birck and
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Figure 6. Comparison of Re/Os ratios and Os abundances in chondrites and various differentiated
samples of the solar system (from Birck and Allegre, 1994). Os abundances refer to non radiogenic
Os. For the Moon and Basaltic achondrites the Re/Os ratio is calculated from the 870s/!860s ratio,
the formation age, and assuming a chondritic evolution for the source material of these rocks. A
buffered Re trend with variable Os would plot along a -1 slope in this diagram: the terrestrial trend
scatters around such a line (mean value 475 ppt Re). The reverse would produce a vertical line as is
illustrated by the terrestrial ultramafic rocks.

Allegre, 1994; Warren and Kallemeyn, 1996). The origin most probably relates to
the oxygen fugacity in the mantle source of the basalts, which varies between the
bodies (Figure 7). This stems from the different oxidation states possible for Re. In
very reducing conditions as in the Moon, Re behaves as a compatible element like
Os. Mars is more oxidised in its interior (Winke and Dreibus, 1988) which results
in higher partitioning of Re into the melt phase.

Water: Dreibus and Winke (1985, 1987) estimated the water content of the
Martian mantle in two different ways and obtained a value of 36 ppm. Hence, the
Martian interior is very dry in spite of the clear evidence for abundant water on the
surface of Mars. Without plate tectonics, the water from the surface never found its
way into the interior of the planet. The planetary interior may have remained dry
and all the water added during accretion may have been consumed by reaction with
metallic iron. This would release large amounts of hydrogen that may have escaped
from the planet, particular with loss of an early atmosphere (Hunten er al., 1987).
Part also have been dissolved into the core (Zharkov, 1996).

The estimates of the composition of the Martian mantle derived in the above
manner are listed in Table I together with values for the Earth’s mantle for com-
parison. As is obvious from Table I and Figure 8, all moderately volatile elements
are higher on Mars by about a factor of 2 aside from Mn and Cr. The higher abun-
dances of moderately volatile elements means that K/U and Rb/Sr are significantly
higher on Mars than on Earth (Figure 9). Also P is much higher in the Martian
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TABLE1
Major and selected minor and trace elements in the mantles of Earth and Mars.

Element ‘ Earth! | Mars? | Mars 3 H Element l Earth! l Mars? | Mars 3 I

MgO [%]
AlLO3
Si0y
CaO
TiO,
FeO
NayO
P,05
Crh O3
MnO

K [ppm]

Rb
Cs

F
Cl

36.9
4.19
46.0
3.54
0.23
7.58
0.39
0.015
0.44
0.13
231

0.74
0.01

19.4
11.8

30.2
3.02
44.0
2.45
0.14
17.9
0.50
0.16
0.76
0.46
305

1.06
0.07

32
38

1.00
1.00
1.00
1.00
1.00
0.39
0.38
0.36
1.00
1.00
0.30

0.26
0.20

0.31
0.029

Br [ppb)
I

Co [ppm]
Ni

Cu

Zn

Ga

Mo [ppb]
In

La [ppm]
TI [ppb]

w
Th

U

45.6
133
105

2110

28
48
3.8
18

0.52

24

21

145
32
68
400
55
62
6.6
118
14
0.48
3.6

105
56

16

0.029
0.029
0.070
0.019
0.027
0.099
0.37
0.066
0.090
1.00
0.013

0.6
1.00

1.00

IWinke e al. (1984); 2 Winke and Dreibus (1988); 3 Rel. to Si and C1
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Figure 8. Composition of the Martian and terrestrial mantles relative to carbonaceous chondrites.
Relative to the Earth, Mars shows less pronounced depletion in P, Mn, Cr, and W as a consequence
of core formation.
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Figure 9. A plot of K/U vs. Rb/Sr for chondrites, Mars and the Earth (BSE) as well as smaller
differentiated bodies such as the Eucrite (HED) Parent Body (believed to be Asteroid 4 Vesta) and the
Moon. Data for the volatile element depleted meteorite Angra dos Reis are shown as well. Sources:
Kitts and Lodders (1998), Lodders (1998), Lugmair and Galer (1992), Newsom (1995), Nyquist er
al. (1994).

mantle presumably for the same reason. Contrary to the terrestrial situation, Mn
and Cr are not at all depleted in the Martian mantle; the Mn/Cr ratio is roughly
chondritic (Figure 8). This has a direct bearing on the interpretation of Cr isotopic
data, as will be discussed below. Mn and Cr are probably depleted in the Earth’s
mantle because they partially reside in the core. Tungsten is also not as strongly
depleted in the Martian mantle as it is in the Earth’s (Figure 8) and this has a
bearing on the interpretation of the Hf-W isotope data, also discussed below. So
some elements that are moderately siderophile on Earth appear to have behaved
more like lithophile elements on Mars — this probably relates to more volatile-rich
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oxidizing, S-rich conditions during core formation. How this relates to the behavior
of Re/Os (Figure 7) is currently unclear. Other moderately siderophile elements
especially Co and Ni are higher in the Earth’s mantle and this formed the basis for
the proposition of an inhomogeneous accretion of the Earth (Winke, 1981). The
low abundances of Co and Ni in Martian basalts provide evidence of homogeneous
accretion and strong partitioning of these elements during core formation.

4, Mantle Phase Transitions and the Size of the Core

The composition of the Martian mantle derived from studies of Martian meteorites
can be used to constrain the composition and size of the core, as well as the phase
assemblages and transitions that would be likely in a homogeneous primitive Mar-
tian mantle. The solubility of S in silicate melts is a strong function of their Fe
content (Wallace and Carmichael, 1992). As demonstrated above, the FeO content
of the Martian mantle is thought to be twice that in the Earth’s mantle so, not
surprisingly, Martian rocks also contain large amounts of sulfur. In fact, it has been
argued that sulfur determines the oxygen fugacity of Martian rocks (Wénke and
Dreibus, 1994). The amount of S in the Martian mantle and core have been the
subject of considerable debate. Most authors favor high (>10%) S concentrations
in the core consistent with the limited depletion in volatile elements (Longhi et al.,
1992). However, recent experimental partitioning studies have yielded far lower S
concentrations (Gaetani and Grove, 1997).

The high FeO content of Martian meteorites and the Martian mantle provides
evidence for major differences between Earth and Mars in terms of the conditions
of core formation. A greater proportion of the Fe in Mars resides in its mantle.
Whereas the core occupies ~31% of the present Earth’s mass, in the case of Mars
the figure is closer to 21% (Winke and Dreibus, 1988). Evidently core formation
did not proceed to the same extent on Mars, perhaps because conditions were more
oxidizing. Another possibility is that an early large core reacted with the later
accreted more oxidized mantle and actually became smaller during the process of
accretion as oxidized material was added. However, there are no well understood
mechanisms for such a process. Assuming a S abundance equal to that of other
moderately volatile elements, a composition of 77% Fe, 15% S, 7.6% Ni, and 0.4%
Co was estimated for the core of Mars (Winke and Dreibus, 1988).

The phases that should be stable as a function of depth within the Martian
mantle exert a fundamental influence on the rheological behaviour of the planet.
Likely phase assemblages have been reviewed by Longhi er al. (1992). A more
recent experimental assessment of the phase transitions is given by Bertka and Fei
(1997). These authors used the independently estimated composition of the Martian
mantle established by Dreibus and Winke (1985). Because of the lower pressure
on Mars the upper mantle would be dominated by orthopyroxene, clinopyroxene,
olivine assemblages with small amounts of garnet down to a depth of roughly
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1,000 km where there should be transition to spinel peridotite with majorite garnet.
It is thought that a thin (~200 km) perovskite-bearing layer may be present above
the core-mantle boundary at 2,000 km depth. It should be no surprise if garnet
was involved in trace element partitioning during Martian mantle melting. This
is consistent with isotopic evidence from Martian meteorites (Blichert-Toft et al.,
1999). The geophysical effects of the phase transitions are of great interest (Breuer
et al., 1997) and bear upon the entire issue of heterogeneity. In particular, if con-
vection was limited (Harder and Christensen, 1996; Breuer et al., 1997) isotopic
heterogeneity in the mantle could be great.

5. Chemical Evidence of Homogenous Accretion

Winke and coworkers have used the composition of the Martian mantle and core
derived from meteorite studies to deduce the nature of the components that accreted
to form Mars. These components do not necessarily correspond to the composition
of a particular Solar System material. Furthermore, describing the data in terms of
such components does not necessarily imply a particular accretion history. How-
ever, the concept is useful for comparisons with the Earth. Indeed, this work is
based on earlier ideas on Earth’s accretionary components by Ringwood (1979).
To explain the chemical composition of the Earth’s mantle, he introduced a two-
component model. In order to account for the high abundances of moderately
siderophile elements in the Earth’s mantle, Winke (1981) took up this model with
only slight changes. According to this model the Earth was formed from:

Component A: Highly reduced and free of all elements with equal or higher
volatility than Na, but containing all other elements in C1 abundance ratios. Iron
and all siderophile elements in metallic form, and even part of Si as metal.

Component B: Oxidized and containing all elements, including the volatiles, in
C1 abundances. Iron and all siderophile and lithophile elements are present mainly
as oxides.

Winke (1981) favored an inhomogeneous accretion for the Earth with a mixing
ratio of component A : component B of 85:15, according to which most of compo-
nent B was only added after the Earth had reached about two thirds of its present
mass. The obvious depletion of all chalcophile elements in the Martian mantle
(Figure 8) provides the key observational evidence in favour of a homogeneous
accretion of Mars. We have already pointed out (Table I and Figure 8) that the
Martian mantle has relatively low abundances of certain siderophile elements (Co,
Ni, Cu) that have strong chalcophile affinities, yet higher abundances of siderophile
elements (W, Cr, Mn) that have weak chalcophile affinities. So with large amounts
of S one could extract a major fraction of the Co, Ni and Cu into the core, without
removing much W, Mn or Cr. Dreibus and Wanke (1984, 1985) used these observa-
tions to postulate a homogeneous accretion scenario for Mars during which sulfur
reacted with metallic iron forming a sulfur-rich FeNi phase.
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There is little evidence for a late oxidized “veneer” component as is gener-
ally considered necessary to produce the chondritic relative abundances of highly
siderophile elements in the Earth. Indeed the highly siderophile elements appear
to be strongly fractionated (Treiman et al., 1986, 1987; Righter and Drake, 1996;
Brandon et al., 2000) as if residual from equilibrium with core-forming liquids.
Note, however, that the Martian trend in Figure 6 also incorporates rocks that are
cumulates (Nakhla, Chassigny). All of these agree with the non-cumulate samples
with the exception of ALH84001. This is the only really early Martian meteorite
so far identified and it displays unusually low Re. Its composition most probably
relates to its origin in a mantle depleted in Re by core formation before subsequent
addition of about 1% chondritic material. So this meteorite may provide evidence
of very early mantle heterogeneity preserved on Mars that developed by internal
differentiation before the completion of accretion and core formation.

It can be shown that Mars could have been formed with the same two model
components as for the Earth, but with a mixing ratio of 60:40. In other words,
the abundance of the elements from component B, i.e. the moderately volatile and
volatile elements on Mars are about three times more abundant than on Earth. In
the two-component model for the formation of the terrestrial planets (Ringwood,
1977, 1979; Winke, 1981), sulfur is supplied by the oxidized, volatile-bearing
component B, while metallic Fe is derived by the reduced, volatile free component
A. Segregation of the sulfur-rich phase extracted chalcophile elements from the
mantle of Mars according to their sulfide-silicate partition coefficients. The model
of a homogeneous accretion of Mars and its sulfur-rich core was also advocated by
Treiman et al. (1987) and is now widely accepted.

Water, added in rather large amounts from component B, may have reacted with
the metallic iron from component A. The huge amounts of hydrogen generated by
the reaction Fe + H,O — FeO + H, would be dissolved in the core or lost by
hydrodynamic escape (Hunten et al., 1987). So it could be a consequence of the
reaction of metal with water, that Mars acquired an FeO-rich mantle and, compared
to the Earth, a smaller core. Furthermore, because of homogeneous accretion and
the presence of metal the Martian mantle kept rather dry. Water was restricted to
the surface layers of Mars and due to the lack of plate tectonics never found its way
to the interior of the planet (Carr and Winke, 1992).

6. Oxygen Isotopic Evidence for the Components that Formed Mars

The isotopic compositions of several light elements (H, C, N, O, S) are variable
in terrestrial materials, and provide the basis for a large field of stable isotope
geochemistry (Clayton, 1986, 1993). Variations in these compositions in Martian
samples indicate that there are processes and sources peculiar to Mars, which
may place constraints on its materials of construction, and elucidate some specific
Martian processes. Oxygen is especially useful, since a three-isotope system al-
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Figure 10. The oxygen three-isotope graph shows separate fractionation trends for Earth and Mars,

reflecting different proportions of precursory planetesimals. The Mars samples are SNC whole-rocks,

from Clayton and Mayeda (1996) and Franchi er al. (1999); the Earth samples are mafic igneous
whole-rocks from Robert er al. (1992).

lows discrimination between mass-dependent planetary processes and primordial
nebular heterogeneities inherited during planet formation (Clayton and Mayeda,
1996; Franchi et al., 1999). The silicate rocks from Earth and Mars define two
separate mass-fractionation trends (Figure 10), reflecting a whole-planet isotopic
difference derived from a different mix of precursory planetesimals (Lodders and
Fegley, 1997). The implied relative proportions of volatile-rich and volatile-poor
constituents are in the opposite sense from those derived in the Winke-Ringwood
mixing models (Clayton and Mayeda, 1996).

If the planetesimal building blocks were constituted from the same range of ma-
terials now represented by chondritic meteorites, it might be possible to relate the
differences in bulk chemical composition between Earth and Mars to the propor-
tions of chondritic precursors. As outlined above, Wénke and Dreibus (1988) mod-
eled these two planets as two-component mixtures, one component volatile-free
and reduced, the other volatile-rich and oxidized. The former has no obvious me-
teoritic counterpart; the latter may resemble carbonaceous chondrites. Oxygen iso-
topic compositions provide an excellent tracer for these two types of material. The
ordinary chondrites and enstatite chondrites (anhydrous but not greatly depleted
in moderately volatile elements) occupy a restricted range in the oxygen three-
isotope graph. Whereas volatile-rich carbonaceous chondrites of classes CI, CM
and CR are considerably enriched in the heavy isotopes as a direct consequence of
the low-temperature hydration processes that produced the phyllosilicates which
characterize these meteorites. As explained above, in terms of moderately-volatile
elements such as the alkalis and halogens, Mars is more volatile-rich than the Earth.
However, the oxygen-isotope compositions of Mars (based on analysis of SNC
meteorites) show a smaller proportion of carbonaceous-chondrite-like material in
Mars than in Earth. It thus appears that, unless the Earth lost a significant pro-
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portion of its moderately volatile elements after it formed, the principal carrier
of moderately volatile elements in formation of the terrestrial planets was not
of carbonaceous chondrite composition. However, it is quite plausible, given the
dynamics of planetary accretion discussed above that the Earth did indeed loose a
major fraction of its moderately volatile elements. This has been advanced as an
explanation by Lodders (2000) and is supported by Sr isotope data for early solar
system objects (Halliday and Porcelli, 2001).

7. Manganese-53 and Early Heterogeneity in the Accretion Disk

It has often been proposed that extinct radionuclides provide evidence, not just of
time-scales for the early solar system, but also of spatial heterogeneities in freshly
synthesized nuclides within the disk, the origins of which are obscure.?*Mg iso-

topic effects related to the decay of 2°Al (half-life = 0.73 Myr), have so far only

been very clearly identified in either refractory inclusions or Al rich components of
chondrites (Lee et al., 1977, 1998; Hinton and Bischoff, 1984; Hinton et al., 1988;
Zinner and Gopel, 1992; Russell et al., 1996; Galy et al., 2000). At the bulk rock
scale no such effects have been detected so far with present day analytical tools.
For larger planetary bodies like the Earth, the Moon or Mars no detectable differ-
ences are indeed expected and for the SNC group of meteorites no measurement is
available in the literature. One has to look at longer-lived systems.

The case for >*Mn (half-life = 3.7 Myr) induced effects on Cr isotopes is signifi-
cantly different as the average solar system parent/daughter ratio is more favorable
by a factor of ten and the half-life is about five times longer. Furthermore, at the
present time isotopic measurements of Cr have roughly a 10 times higher precision
than Mg measurements (Lugmair and Shukolyukov, 1998). At these high levels of
precision systematic differences in Cr isotopic composition are observed between
samples originating in different planetary bodies or classes of bodies at the bulk
rock scale. With regard to Mars, only three SNCs (Shergotty, EETA 79001 and
ALH 84001) have been investigated so far with high precision techniques (Lugmair
and Shukolyukov, 1998). All 3*Cr/%2Cr ratios, whether they represent separated
minerals or bulk rocks, are different from the terrestrial composition and display an
excess of >>Cr of 0.23¢. As far as we can tell from meteorites, Mars is isotopically
homogeneous for Cr, as would be expected from a large size planet with geologic
activity that was ongoing over an extended period of time with respect to the short
time scale of the 53Mn radioactivity. Nevertheless the Cr isotopic composition is
clearly distinct from the Earth and from the different chondrite groups, as well as
from the basaltic achondrite family (HED).

As the presence of live 3*Mn in the early solar system is now well established
(Birck and Allegre, 1988), the small difference between large objects like the Earth
and Mars is thought to be produced by this radioactivity. Regarding the’*Mn->>Cr
system, there are two kinds of model for the evolution of the solar system, both
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taking into account the fact that the value of Mars (SNCs) is intermediate between
the Earth and the asteroid belt samples (chondrites and HEDs).

The first explanation for this is by Lugmair and Shukolyukov (1998), who pro-
pose a radial gradient of >*Mn atomic abundance in the early solar system with
an increase of the >*Mn/>*Mn ratio with heliocentric distances. This model has
the advantage of decoupling the observed chromium isotopic differences between
the major bodies, from time; this releases the time constraint for the formation of
terrestrial planets within the life-time of >*Mn, which is short when compared to
the current accretion times discussed above. The >*Mn heterogeneity model has a
few difficulties however. Most observational and theoretical studies of star collapse
involve extensive mixing in the early solar nebula (Shu et al., 1987). Furthermore,
as already noted, the studies of Wetherill indicate that the provenance of the planets
is very broad. So it is hard to see how such an early feature related to heliocen-
tric distance survives. Having said this, it is widely noted that the Asteroid Belt
preserves radial-from-Sun compositional heterogeneities, carbonaceous chondrites
beginning abruptly at 2.5-2.7 AU. There are however, “collateral consequences”
of such Mn-Cr isotopic heterogeneities in the form of other isotopic variability
that are not observed (Nichols, 2000). Finally, the Mn-Cr isotopic data for CAls
(Birck and Allegre, 1988) and chondrules (Nyquist et al., 1997) do not support the
low solar system initial >*Mn/>Mn that is implied from the Mn-Cr systematics
of eucrites (Lugmair and Shukolyukov, 1998). These data provide evidence that
an early process that changes the Mn/Cr of the material from which planets and
planetesimals form may provide a better explanation for variations in Cr isotopic
composition in the inner solar system.

An alternative series of models have been proposed that rely on the difference
in volatility of the two elements to match the observed composition of the different
planets or planetary bodies with respect to Mn/Cr (Halliday er al., 1996; Cassen
and Woolum, 1997; Birck et al., 1999). Assuming that the solar nebula started with
homogeneous 53Mn/3*Mn, *3Cr/>*Cr and chondritic Mn/Cr ratio, the bulk solar
system should display an evolution similar to that of C1 carbonaceous chondrites.
This puts very strong constraints on the time at which the Mn/Cr fractionated in
the materials constituting the planets. The differences in Cr isotopic composition
then relate to the degree of depletion in more volatile Mn relative to less volatile
Cr. As differences are observed in the Cr isotopic ratios this has to happen during
the lifetime of >*Mn which cannot exceed 20 Myr. In the model of Halliday et
al. (1996) it was assumed that the >*Mn/>Mn at the start of the Solar System
was that defined by an Allende CAI (Birck and Allegre, 1988) and on this basis the
material from which the Earth accreted was depleted in more volatile Mn within no
more than roughly 3.5 Myr after the start of the Solar System. Cassen and Woolum
(1997) presented a more comprehensive model of volatile depletion taking place at
the very start of the solar system as a consequence of early heating in the disk. The
Cr isotopic compositions then reflects the degree and exact timing of depletion in
Mn relative to Cr, the effects of which are greater closer in to the Sun.
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Recently, Birck et al. (1999) have also assumed that the differences relate to
the timing of volatile element depletion but with all bodies forming from pre-
cursor material that originally had chondritic Mn/Cr. This model implies that the
materials constituting the Earth (the planetesimals) are separated from the solar
nebula with a depleted Mn/Cr, no later than 2.2 Myr after the formation of C1
carbonaceous chondrites. Similarly for Mars the isolation of materials with lower
than solar Mn/Cr occurs 3 Myr after the Earth. Although this model is inconsistent
with chemical models for Mars that imply a chondritic Mn/Cr ratio for this planet
(Winke and Dreibus, 1988) it is in good agreement with a number of other isotopic
chronometers for the development of solar system bodies (Birck et al., 1999).

So the Mn-Cr results provide fascinating insights into early solar system pro-
cesses. However, which exact processes occurred is unclear! The data could either
reflect incomplete mixing of material in the circumstellar disk, or different degrees
and timing of volatile element depletion. Although the latter model appears more
likely, it is not yet consistent with independently estimated Mn/Cr ratios.

8. Early Isotopic Heterogeneity on Mars

The time required for a planet to heat up and differentiate into a core, mantle, crust
and atmosphere/hydrosphere is strongly model dependent. Early models (e.g.,
Toks6z and Hsui, 1978; Solomon, 1979) assumed that the terrestrial planets were
formed from cold material, which heated up slowly from the outside inward as a
consequence of the conversion of gravitational energy from late accretion phases,
radioactive decay and the density-driven process of core formation. In these models
it took periods of >108% or even >10° years to form the core of Mars. Such models
for a while superceded the concept that the material that accreted to form Mars
was hot and freshly condensed from a nebula (Clark et al., 1972; Grossman, 1972)
heated by frictional and other mechanisms in the primitive disk (Boss, 1990). How-
ever, as it became clear that late stage growth from collisions was a fundamental
part of planetary growth, the possibility arose that one might easily melt an entire
planet at an early stage (Sasaki and Nakazawa, 1986; Melosh, 1990; Melosh et al.,
1993; Benz and Cameron, 1990). So the more recent models for core formation
on Mars assume an early magma ocean environment (Righter and Drake, 1996).
Similarly, outgassing and formation of an early atmosphere are viewed as very
early processes (Melosh and Vickery, 1989; Carr and Winke, 1992; Jakosky and
Jones, 1997; Carr, 1999).

Models for the accretion and early differentiation of Mars can be tested with
chronometers that have a longer half-life than 2°Al (77, = 0.73 x 10° yrs) or
3Mn (T, 2= 3.7 x 106 yrs). Several such chronometers have provided evidence
of very early heterogeneity preserved within Mars. These include '32Hf (T; P2 =
9 x 109 yrs), I (T, = 16 x 10° yrs), 2**Pu (T, = 82 x 10° yrs) and *°Sm
(T, =103 x 10° yrs). However, even the longer lived chronometers >>U (7T} 2=
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7.04 x 108 yrs), 238U (T, =447 x 10° yrs), and ¥Rb (T, = 4.88 x 10'9 yrs),
reveal a remarkable early isotopic heterogeneity on Mars, not preserved on Earth.

Isotopic data for noble gases, in particular for xenon yield evidence of early
segregation of the atmosphere from the mantle (Ott, 1988; Pepin, 1994; Marti et
al., 1995; Jakosky and Jones, 1997; Swindle and Jones, 1997; Bogard and Garri-
son, 1998; Gilmour et al., 1998; Matthew and Marti, 2001). The history of these
different reservoirs is a matter of some uncertainty. Martian atmospheric Xe is
more enriched in '*Xe than the “mantle” Xe as recorded e.g. in the Chassigny
meteorite (Matthew and Marti, 2001). In a similar manner the atmospheric Ar is
more enriched in “°Ar than is the mantle Ar. In both cases these relationships are
the opposite of that found on Earth and the explanation is unclear. It has been
proposed that an early halogen-rich reservoir may have become a repository for
1291, which subsequently degassed '**Xe into the atmosphere. There are further
complications with trying to define the 2**Pu fission xenon component given that
mass fractionation by hydrodynamic escape (Hunten et al., 1987) is thought to
have affected the atmosphere (Swindle and Jones, 1997). It has been proposed
that a component of the atmosphere was outgassed before much >**Pu decay had
occurred. Suffice it to say that there is clear evidence of a very early heterogeneity
preserved in the noble gases.

The isotopic compositions of lithophile elements in Martian meteorites provide
evidence for the preservation of such heterogeneity with the Martian interior. A
particularly striking feature is found in the Sr isotope data. The bulk rock values
for these define an ~4.5 Gyr isochron implying a remarkable lack of remixing in
the Martian mantle since its earliest differentiation (Shih er al., 1982; Jagoutz et
al., 1994; Borg et al., 1997). These data provide no direct evidence regarding the
time scales for core formation. However, they do imply early melting and a lack of
large scale mixing subsequently.

Chen and Wasserburg (1986) also argued that the differentiation of Mars was
early, as the proximity of the Pb isotopic data of shergottites to the Geochron
indicates that U/Pb fractionation was early. It is commonly assumed that the major
fractionation of U/Pb takes place as a consequence of core formation. Evaluating
the degree to which core formation as opposed to volatile loss resulted in depletion
in volatile siderophile elements like Pb is complex.

The standard method for estimating the abundance of volatile elements in the
bulk Earth makes use of the volatile lithophile element depletion trend, defined by
their primitive mantle abundances as a function of half-mass condensation temper-
ature (Newsom, 1990; McDonough and Sun, 1995; Yi et al., 2000). However, this
requires knowledge of the speciation, ambient pressures etc., which in turn requires
an understanding of the exact mechanisms of volatile loss.

Alternatively, Allegre et al. (1995) have used the trends defined by the ratios
of volatile elements to refractory lithophile elements in chondrites to estimate
abundances in the bulk Earth. This latter method circumvents the uncertainty over
the exact volatility of the elements that accreted to form the Earth. However, it
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assumes that volatile element depletion processes recorded in carbonaceous chon-
drites, which probably come from the outer reaches of the asteroid belt, are analo-
gous to those that affected the inner solar system. Both approaches assume that
(1) volatile elements were lost before core formation, (2) volatility is the only
factor that affects the elemental abundances relative to chondrites and (3) lithophile
elements do not enter the Earth’s core in significant amounts. Whichever approach
is used, it is necessary to make a reasonable estimate of the primitive mantle abun-
dance of the element of interest in order to use the data to place constraints on
models of core formation.

Cerium and Pb have similar bulk distribution coefficients during melting (Hof-
mann et al., 1986). From the Ce/?%Pb of basaltic Martian meteorites we can
determine the Ce /2%*Pb and hence the degree of Pb depletion of the Martian man-
tle. The continental crust carries a major proportion (>50%) of the silicate Earth’s
Pb because it has been selectively enriched by ocean floor hydrothermal and arc
processes over billions of years. Assuming that this is not the case for Mars and
no major silicate reservoir with fractionated Ce/Pb exists, one can also use the
Ce/?%Pb of the basaltic Martian meteorites to determine the degree of Pb depletion
of the bulk silicate Mars. If one then uses the degree of depletion in alkalis as
judged from Rb/Sr, Rb/Ba or K/U one can conclude that the degree of moderately
volatile element depletion of Mars is overall comparable to that found in CV car-
bonaceous chondrites like Allende (Figure 9). From the Ce/*Pb as a function of
the Rb/Sr of chondrite classes we can conclude that the bulk Mars should have
Ce/?%Pb that is about an order of magnitude higher than that deduced for the bulk
silicate Mars. On this basis a sizeable fraction (perhaps 90%) of Pb was removed
by core formation. The Pb in Martian meteorites is not as radiogenic as terrestrial
Pb because the degree of volatile element depletion is much less. However core
formation did produce a major fractionation and the Pb data would therefore appear
to support the view that the core formed reasonably early, i.e. within 1 yrs.

9. Hafnium - Tungsten Chronometry and Rapid Accretion and
Differentiation

The rates of accretion and core formation of Mars and other inner solar system ob-
jects can be more directly studied using the newly developed '8?Hf-182W chronome-
ter. The former decay of '82Hf to '82W (T, = 9 Myr) has resulted in variations in
W isotope composition that reflect early solar system time integrated Hf/W ratios
(Halliday and Lee, 1999). This approach offers more leverage than other short-
lived nuclide systems for several reasons. Firstly, the half-life of 9 Myr is ideal for
the kinds accretionary time-scales proposed by Safronov and Wetherill. Secondly,
both parent and daughter elements are highly refractory and in known, chondritic
proportions in Mars. Third, the initial "®2Hf atomic abundance at the start of the
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solar system was higher than hitherto realized. Fourth, Hf and W are strongly
fractionated by the early processes of melting and core formation.

Harper et al. (1991), were the first to provide a hint of a W isotopic difference
between the iron meteorite Toluca and the silicate Earth. It has now been convinc-
ingly demonstrated that there is a ubiquitous clearly resolvable deficit in'8W in
iron meteorites and the metals of ordinary chondrites and enstatite relative to the
atomic abundance found in the silicate Earth (Lee and Halliday, 1995, 1996, 2000a,
b; Harper and Jacobsen, 1996; Jacobsen and Harper, 1996; Horan et al., 1998).

If '82Hf is sufficiently abundant then minerals, rocks and reservoirs with higher
Hf/W ratio will develop W that is significantly more radiogenic (higher!32W/!%w
or €W) compared with the initial W isotopic composition of the solar system.
Conversely metals with low Hf/W that segregate at an early stage from bodies with
chondritic Hf/W (most early planets and planetesimals) will sample unradiogenic
W, as found. Early segregated metals are deficient by roughly 3 to 4 €W units
(300400 ppm) relative to the silicate Earth. The only known explanation for this
difference is that these metals sampled early solar system W before live '8?Hf
had decayed. A similar picture emerges from the study of achondrites. Eucrites
represent samples of the silicate (high Hf/W) portion of a body that differentiated
early. They yield a range of W isotopic compositions from near chondritic to very
radiogenic (Lee and Halliday, 1997; Quitté et al., 2000). The data for eucrites
implicate rapid accretion and core formation on the eucrite parent body within
about 10 Myr of the start of the solar system (Lee and Halliday, 1997).

A very different picture is derived from studying the Earth however. The W
isotopic difference between early metals and the silicate Earth reflects the time
integrated Hf/W of the material that formed the Earth and its reservoirs during
the lifetime of '2Hf. The Hf/W ratio of the silicate Earth is determined to lie in
the range 10 — 40 (Newsom et al., 1996). This is an order of magnitude higher
than in carbonaceous and ordinary chondrites and is a consequence of terrestrial
core formation. Although the bulk silicate Earth (BSE) has non-chondritic Hf/W
because of core formation, it has a chondritic W isotopic composition (Lee and
Halliday, 1995, 1996). This is inconsistent with models that involve the comple-
tion of terrestrial accretion and core formation within the first 10 Myr of solar
system history, such as early heterogeneous accretion of silicate and metal from
a fractionated partially condensed nebula. Protracted accretion (Wetherill, 1986)
of material that has, on average, chondritic compositions with respect to Hf-W
is more in accord with the chondritic W isotopic composition of the BSE. Most
early-formed low Hf/W metal and high Hf/W silicate that was added to the Earth
during accretion must have largely equilibrated isotopically with the growing BSE,
otherwise its W isotopic composition would not be chondritic (Halliday, 2000a, b).

With the current exception of ALH84001, Martian meteorites provide us with
samples of igneous rocks that formed by melting the interior of Mars over the past
1 Gyr or so, long after '32Hf became extinct. Therefore, the W isotopic variations
have nothing to do with the measured Hf/W. The Hf/W ratio of the Martian mantle
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is ~2 — 3, more than five times smaller than found for the Earth (Halliday and
Lee, 1999). This is presumably related to the greater oxidation of the Martian inte-
rior. Yet Martian samples include some samples with radiogenic W, quite unlike
the silicate Earth. Given the low Hf/W ratio of the Martian mantle this impli-
cates the effects of very early differentiation on Mars. Evidently the accretion and
differentiation of Mars was complete within ~20 Myr (Lee and Halliday, 1997).

There are other striking differences between Earth and Mars highlighted by
the W isotope data. Mars clearly differentiated very early and this explains the
W isotopic anomalies. However, it is also remarkable that such an anomaly has
survived at all as a feature of the Martian mantle. In the Earth 4.5 Gyr of convection
has stirred the mantle sufficiently vigorously to eliminate all trace of such early het-
erogeneity. The earliest isotopic heterogeneities sourced in the convecting mantle
of the Earth are less than 3 billion years in age. In contrast the Martian mantle has
heterogeneities that can only have been produced in the first 50 Myr of the solar
system. So mantle mixing must be far less effective on Mars. This is consistent
with fluid dynamic models for the Martian interior (Breuer et al., 1997; Harder
and Christensen, 1996). Large-scale convective overturn such as drives the Earth’s
plates and makes continents move must be absent from Mars as has long been
suspected (e.g. Carr, 1973). Indeed the W data are difficult to reconcile with any
kind of long-term, plate tectonic activity on Mars (cf. Sleep, 1994).

10. Integrated Models of Accretion and Early Differentiation based on Zr,
Nd, Hf, W and Os Isotope Geochemistry

The W isotope data display a very significant relationship with“°Sm-'4>Nd data
(Harper et al., 1995) for the same SNC meteorites (Lee and Halliday, 1997; Fig-
ure 11a). Those with radiogenic Nd, reflecting time-integrated depletion in light
rare earths and other incompatible elements, are also characterized by radiogenic
W (Figure 11a). This striking agreement between two short-lived chronometers
provides a powerful insight into the early development of Mars. Two relevant pro-
cesses can fractionate Hf from W-silicate melting (Newsom ez al., 1986, 1996)
and (metallic) core formation (Rammensee and Winke, 1977; Figure 12). In con-
trast only silicate melting can produce a significant fractionation of Sm/Nd. The
question arises as to whether the W data provide any constraints on the timing of
core formation. In order to generate a correlation between the W and Nd isotopic
data the two parent / daughter element ratios must have fractionated together at an
extremely early stage, but was metal segregation involved?

Hf/W and Sm/Nd ratios are both fractionated by partial melting in the silicate
Earth. Whereas Hf, Sm and Nd are all moderately incompatible during melting,
W is extremely incompatible like Ba (Newsom ef al., 1986) leading to a very
large fractionation in Hf/W. In Figure 12 we show the data for MORB and OIB
from Newsom et al. (1986) as f(Hf/W) vs. f(Sm/Nd), where f is the ratio nor-
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Figure 11. (a) Nd and W isotope data for Martian meteorites show correlated effects implying a
close relationship between the W isotopic anomalies and the timing and extent of early silicate melt
depletion in the Martian mantle. In (b) the same data shown in (a) are compared with the initial
isotopic compositions of the solar system. Data from Harper et al. (1995) and Lee and Halliday

(1997).
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Figure 12. Fractionation of Sm/Nd and Hf/ W are correlated in silicate melting and this could be the
explanation for the data in Figure 11. Data from Newsom et al. (1986) and Lodders (1998). See text

for discussion.
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Figure 13. Systematics of the relationship between the fractionation of Hf/W relative to Sm/Nd, and
the timing of fractionation implied by the slope of the data shown in Figure 11.

malized to a primitive mantle with chondritic Sm/Nd but Hf/W that is 15 times
chondritic because of core formation. It can be seen that the data define a strong
positive correlation between Hf/W and Sm/Nd. Note that for the silicate Earth the
continental crust also exists as a major reservoir (>50% of the W). Data for lunar
basalts and eucrites would be roughly collinear with the data for terrestrial samples
(Halliday and Lee, 1999). In Figure 12 we also show the corresponding data for
Martian meteorites but they are normalized to a primitive mantle with chondritic
Sm/Nd and Hf/W. It can be seen that the trends are similar and the normalized data
overlap.

If we assume that the Nd and W isotopic effects were produced as a result of
coeval fractionation of Sm/Nd and Hf/W we can model the data together to yield
the timing of differentiation they imply. The timing of differentiation is defined
by the slopes of the lines connecting the initial Nd and W isotopic composition of
the solar system <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>