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INTRODUCTION: A NEW CHAPTER IN MARS RESEARCH 

REINALD KALLENBACH!, JOHANNES GEISS! and WILLIAM K. HARTMANN2 
! International Space Science Institute, CH-30I2 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 (ISS!), 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 aI., 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 photo geologists. 

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 ofthe 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 

IiIuII Space Science Reviews 96: 3-6,2001. 
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4 KALLENBACH ET 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 
a low K-Ar formation age of only ""'580 Myr on the Shergotty meteorite (now dated 
at""' 170 Myr, Nyquist et aI., 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 Wlinke, 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 (St6ffler 
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 et aI., 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 aI., 2001). 

Part II 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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tern history into core, mantle, crust and atmosphere (Halliday et aI., 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 (Acuna 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 (Wanke et aI., 2001). 

Part III emphasizes volatile history. Certain Martian meteorites indicate fluvial 
activity younger than the rocks themselves, in one case "'-670 Myr (Shih et aI., 
1998; Swindle et aI., 2000; Bridges et aI., 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 et 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 aI., 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. 
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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±0.0l 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 ± 0.0l Gyr 
for Apollo 17,3.58 ± 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 ± 0.04 Gyr for Apollo 12. The 
ages of Eratosthenian and Copernican craters remain: ~ 2.1 (7) 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 

.... Space Science Reviews 96: 9-54, 2001. 
., © 200l 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 ai., 1975; Neukum, 
1983; Neukum and Ivanov, 1994; Hartmann et ai., 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 ai., 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 ai., 1994; Staid et ai., 1996; Jolliff et ai., 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 aI., 1981; 
Wilhelms, 1984, 1987; Neukum et aI., 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 DL 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 DL is defined as the diameter of craters with the shallow wall slope 
of 10 (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 Cs which is the transition 
diameter between the crater production curve (steep) and the crater saturation curve (flat); CS1, CS2, 
and CS3 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; Staffier et al., 1980; 
Heiken et at., 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. 40 Ar_39 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 oflunar rocks (modified after Staffler et at., 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 

First 
(primary) 

Second 
(secondary) 

Third 
(tertiary) 

Rock type 

Number of samples 
Total weight (kg) 
Wt.% igneous and metamorphic 
rocks> 10 mm 
Wt. % Fines < 10 mm 
Wt.% Drill cores 

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-AI and Al-) 
KREEP-basalt 
Basaltic glasses (various types) 

NOll-classified igneous rocks 

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 

Polymict impact breccias 

Fragmental breccias 
Regolith breccias 
Impact glass 

IMPACTOCLASTIC SEDIMENT* 
< IOmm 

Regolith 

All A12 A14 A15 A16 A17 L16 L20 L24 

58 69 227 370 731 741 I core I core I core 
21.6 34.3 42.3 77.3 95.7 1l0.5 0.101 ~ 0.05 0.170 
44.980.6 67.3 74.7 72.3 65.9 - - -

54.6 16.8 30.6 17.0 19.3 26.7 100 100 100 
0.4 1.2 0.9 6.0 7.4 6.6 100 100 100 

0.4 II 0.5 

20.0 80.6 9.3 41.3 31.4 

2.1 0.2 4.3 

23.0 1.95 59.4 39.7 67.5 34.9 

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-Neetarian (pNe), Neetarian (Ne), Imbrian (Ie), and the 
CopemicanlEratosthenian 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 II 

Stratigaphic criteria for lunar time-stratigraphic units (Wilhelms, 1987); DL: diameter of largest 
crater eroded to 10 interior slopes; Cs: limiting crater diameter for the steady state crater frequency 
distribution (Figure 4) and from the approximate formula DL = 1.7Cs; nla = not applicable. 

System or Crater frequency (number per km2) Cs (m) DL (m) 

Series 2: 1 km 2: 20km 

Copernican < 7.5 x 10-4 (mare) n/a ? 1 < 165 (mare) 
System < 1.0 x 10-3 (crater) < ca. 200 (crater) 

Eratosthenian 7.5 x 10-4 to n/a < 100 (mare) 
System ~ 2.5 x 10-3 (mare) 

Upper Imbrian 1 ~ 2.5 x 10-3 (mare) to 2.8 x 10-5 80 - 300 (mare) 
Series ~ 2.2 x 10-2 

Lo,;er Imbrian 1 ~ 2.2 - 4.8 x 10-2 (basin) 11.8 - 3.3 x 10-5 1 320 - 860 (basin) 
Senes 

Nectarian n/a 12.3 - 8.8 x 10-51800 - 4,000? (basin) 1 
System 

Pre-Nectarian n/a 1 > 7.0 x 10-5 1 > 4,000? (basin) 1 
System 

145-250 (mare) 

230 - 550 (mare) 

n/a 

n/a 

n/a 

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 DL 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). 

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 ai., 1996; Jolliff et ai., 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 DL ('" 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 DL 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 ge) 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 9t), 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 ai., 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 
HAD LEy-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 II 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 l30 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 aI., 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 (l km wide, 230 m deep) and 
South Ray (680 m wide, l35 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. 

4.7. 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 /Lm for the 
<1 mm fraction). Most of the few particles >3 mm are offelspathic 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 et 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 aI., 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 EI-Baz, 1978). There are several bright patches in the vicinity, and 
crater Giordano Bruno is a likely cause (Florensky et aI., 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 aI., 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., FeOIMnO), 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 detennined 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 40 Ar_39 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 et 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 40 Ar_39 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 detennine 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 fonnation 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 III). 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 ofthe 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 106 km2 (Hart­
mann and Wood, 1971) increases from 79 (Nectaris) to 197 (AI-KhwarizimilKing) 
(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 106 km2) 

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 N 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 (St6ffier et 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 

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

Sample 1 40 Ar_39 Ar* Rb-Sr Sm-Nd U-Pb,Pb-Pb 

Ferroan 22013,9002 4.5l±? 
anortho- 60025 4.44 ±0.02 4.51 ± 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±? 
plutonic lites 4.16 ± 0.04 
rocks 4.27 ± 0.08 

14306,150 (7) 4.245 ± 0.075 

Dunites 72417 4.47 ± 0.10 

Norites 14305;91 (?) 4.211 ± 0.005 
15445;17 4.46 ± 0.07 
15445;247 4.28 ±0.03 
15455;228 4.49 ± 0.13 4.53 ± 0.29 
72255 4.08 ± 0.05 
73215;46,25 4.19±0.01 
77215 4.33 ± 0.04 4.37 ± 0.07 
78235 4.426 ± 0.065 
78236 4.39±? 4.29 ±0.02 4.43 ± 0.05 

4.11 ±0.02 4.34 ±0.04 

Gabbro- 67667 4.18 ± 0.07 
norites 73255c 4.23 ±0.05 

Alkali 14066;47 (?) 4.141 ± 0.005 
rocks 14304 c\ b 4.34 ± 0.08a 4.108 ± 0.053 

14306;60 (?) 4.20 ±0.03 
14321;16 c 4.028 ± 0.006 
67975;131 4.339 ± 0.005 

KREEP A15 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 A17 Kb 72275 3.93 ± 0.04 
(Qmr) 4.04 ±0.08 4.08 ±0.07 

Qmr 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 c\ 4.060 ± 0.071 4.04 ± 0.03 4.11 ±0.20 3.965 ± 0.025 
72215 mix 3.95 ±0.03 
73215,43 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 
a 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 4OAr_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 1m glass fragment 2.26 ±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 I c 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 1431O-group 3.80 ±0.04 
impact melts 14074 subophitic 1431O-group 3.80 ±0.04 

14276 subophitic 1431O-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 feJdspathic 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 33 

TABLE V 

Best estimates of crystallization ages of mare basalt flows at the Apollo and Luna landing sites. 
Data compiled from various sources; see especially Snyder et 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 I Basalt group I Absolute Age (Gyr) 

Apollo 11 High-K basalts 3.58 ± 0.01 

High-Ti basalts, groups Bl-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 ±O.O2 

Qz-normative basalt 3.35 ± 0.01 

Pi critic basalt 3.25 ± 0.05 

Ilmenite basalt (15388) 3.35 ± 0.04 

Green glass ~ 3.4 - 3.3 

Yellow glass 3.62 ±0.Q7 

Apollo 16 Feldspathic basalt 3.74 ± 0.05 

Apollo 17 High-Ti basalt, group A 3.75 ± 0.01 

High-Ti basalt, group B 112 3.70 ± 0.02 
High-Ti basalt, group C 3.75 ± 0.07 
High-Ti basalt, group D 3.85 ±0.04 

Orange glass ~ 3.5 - 3.6 

Luna 16 Aluminous basalt 3.41 ± 0.04 

Luna 24 Very-Iow-Ti-basalt (VLT) 3.22 ±0.02 

Lunar meteorite Asuka 881757 Basalt (gabbroic) 3.87 ±0.06 

Nectaris basin (Maurer et aI., 1978; Wacker et aI., 1983; Jessberger, 1983; Stamer 
et aI., 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 (Stamer et aI., 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 DL, 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). 

Formation 
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Mare Imbrium (A15) 
Mare Crisium (L24) 
O.Procellarum (A12) 
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Copernicus 
Tycho, A17 
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South Ray crater 

Terrestrial craters 
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2.5 ND ND 
ND ND ND 
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1.20 90 
1.39 15? 34 
0.93 15.3 
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0.43 8.17 26 
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ND ND ND 
0.30 0.06 
0.10 0.019 ND 
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±1100 4.35±0.1O 

4.0-4.4 
1200 310 4. IO±O. 10 

±400 
340±70 87 3.90±0.10 

570# 145# 
? ? 3.98±0.05 

? 89 3.91±0.1O 
370±70 94# 3.91±0.10 

3.91±0.1O 
220±? 

ND ND 
ND ND 

90±18 23 3.72±0.1O 
100±30 26# 

64±20 16 3.53±0.05 
33±1O 8.4 3.40±0.04 
32±11 8.2 3.28±0.1O 
30±1O 7.6 3.30±0.1O 
36±11 9.2 3.18±0.1O 

ND ND 
13±3 3.3 0.85±0.20 
0.9 0.23 0.109 

±O.l8 ±0.004 

0.44 0.11 0.05 
±0.11 ±0.0014 
0.21 0.05 0.026 

±0.05 ±0.0008 
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? 
3.92±0.03 

3.92±0.03 

3.89±0.02 
3.89±0.01 
3.85±0.02 
3.85±0.02 
3.85±0.02 
3.85±0.02 

ND 

3.72-3.85? 

ND 
3.74 

3.80±0.02 
3.75±0.01 
3.58±0.01 
3.41±0.04 
3.30±0.02 
3.22±0.02 
3. 15±0.04 

2.1±? 
0.8±0.015 

0.109 
±0.004 
0.109 

±0.004 
0.053 

±0.008 
0.025 

±0.012 
0.002 

±0.0002 

0.375 
±0.075 
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3.92±0.03 
3.85±0.05 
3.92±0.03 
3.85±0.05 
3.84±0.04 
3.87±0.03 
3.77±0.02 

3.77±0.02 
3.77±0.02 

ND 

3.72-3.77? 

ND 
3.74 
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3.75±0.01 
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3.30±0.02 
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2.1±? 
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(I) = 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 Sttiffler (1987), Stadermann et al. (1991); (6) 
previous proposals, 3.85: SHiffler et al. (1985), 3.87: Jessberger et al. (1977); # from Neukum (1983); avo = 
average; ND = not determined; A = Apollo; F. = Formation; 1mb. = Imbrium; L = Luna; M. = Mare; O. = 
Oceanus; Tr. = Tranquillitatis; a) average mare: 1.88 x 10-4 craters >4 kmlkm2. 
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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 aI., 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 aI., 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 106 km2 is higher 
for Serenitatis (83?) 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 at., 1974, 1977, 1978; 
Staudacher et ai., 1979; Wilhelms, 1987; Deutsch and Staffler, 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 et ai., 2000) and 3.77 ± 0.02 Gyr (Deutsch and Staffler, 
1987; Stadermann et ai., 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 ± 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 40 Ar_39 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 fiow-



STRATIGRAPHY AND ISOTOPE AGES OF LUNAR GEOLOGIC UNITS 37 

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 aI., 1991). Samples which were collected outside ofthe 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 ± 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 ± 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 ± 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., Stoffter et aI., 1981, 1985, 1989; Stadermann 
et al., 1991). The main arguments for the 3.77 Gyr age are given in Deutsch and 
Stoffter (1987) and supplemented by Stadermann et 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 ± 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 
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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 SWffter 
(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 SWffter (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 ftooded by mare basalt ftows. 

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 ai., 1979; Neal et ai., 
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?) 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 BI-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 et 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 aZ., 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 TiCh 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 B 1-3 basalts which are similar in both age 
and composition to Apollo 17 basalts. Even older basalts identified spectrally as a 
little lower in Ti02 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 BasaZt Suiface (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% TiCh) (Grieve et al., 1972; Keil et 
al., 1972; Kurat et aZ., 1976; Ma et aZ., 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 40 Ar-
39 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 at., 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 aI., 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 
at., 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 40 Ar_39 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 Ti02 do not exist within tens of kIn 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 et 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 ai., 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 DL , 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 ai., 1975) show an unusual kink at the critical point around 1-2 kIn 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 ai., 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 DL 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 ai., 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 ai. (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 40 Ar_39 Ar dating of such materials suggested appreciable degassing at 
about 800 Myr (Eberhardt et at., 1973; Alexander et at., 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 ai., 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 ai., 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. 
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6.6.3. Age ofTycho 
The dating of the crater Tycho (diameter: 98 Ian) 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 Ian away. The exposure age near 0.1 Gyr of landslide 
material then represents the age of Tycho (Wolfe et at., 1975; Arvidson et at., 
1976; Lucchitta, 1977; Drozd et at., 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 at., 1975; Lucchitta, 1977). Thus, Drozd 
et at. (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 at., 1980; 
Table VI). According to the exposure age data (Drozd et at., 1977; Stadermann et 
at., 1991; Drozd et at., 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 (Dd 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 at., 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 et at., 
1975; Neukum and Konig, 1976; Hartmann et at., 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/km2 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 ai. (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 DL, 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 suifaces at the Apollo and Luna landing sites and uncertainties for 
these ages which are lower than the I-a 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 ai., 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 ai., 1991; 
Figure 4.15) contains large errors (e.g., the data points for L24, 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 
10-4 craters >4 kmlkm2 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 5 x 10-4 craters >4 kmlkm2 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 et ai. (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 et ai. (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 "-' 1.5 x 10-1 craters > 1 kmlkm2 to "-'2 x 10-3 craters > 1 kmlkm2 . 

However, major uncertainties still exist for the pre-Nectarian Period (;:::4 Gyr) and 
for the Eratosthenian and Copernican Periods (;53 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 IV; 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 ai., 2000). 



48 STOFFLER AND RYDER 

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 at. (2000) have confirmed this recently 
by the non-uniform distribution of 40 Ar_39 Ar-ages of 155 glass spherules collected 
from the Apollo 14 regolith (Culler et at., 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 at., 1994). Such changes in the post-Imbrian 
cratering flux of the Earth-moon system (Ryder, 2000; Harz, 2000; Muller et at., 
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 ai. (1981), Hartmann (1977), Neukum (1983), and Strom and Neukum (1988). 

~, Chronology and Evolution of Mars 9655-86, 2001. 
I~ © 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.l. 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 10gN (no. of craters per km2) 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 10gN vs. log Dare 
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 8 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 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 N vs. log D plot, and is the same for either definition of N. The plot 
of log N (either cumulative or log-incremental) vs 10gD gives a straight line 

log N = -b log D + log k 

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 tum 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 Konig 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., Durdaet aI., 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). NH is the number of craters on an "average" 
mare surface per a ..ti diameter bin. b) The same HPF data in R-plot (diamonds with error bars), 
Hartmann's fit to crater saturation (1) and to the production function (2). For comparison dashed 
curves represent Neukum's Orientale basin large crater count (3) and the analytical fit to the steep 
branch of the HPF for D < 2 km (4). See the discussion in the text and in Figure 8. 

bin DL < D < DR, where DL and DR are the left and right bin boundary and the 
standard bin width is DR/ DL = v'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 (Staffter 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: 

-2.616 - 3.82 log D L, DL < 1.41 kIn 

-2.920 - 1.80 log DL, 1.41 km < DL < 64 kIn (1) 

-2.198 - 2.20 log D L, DL > 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 DL is the left boundary of the diameter interval, while the data are plotted 
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against the diameter interval geometric meanD = J DLDR ). NH gives the number 
of craters in each y'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 km2 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 

10glO(N) = I:aj x [loglO(D)]j 
j=O 

(2) 

where D is in km, N is the number of craters per km2 per Gyr, and the coefficients 
aj are given in Table I. 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 (Ivanovet aI., 1999). "Old" (Neukum, 1983) 
and "new" (Ivanovet at., 1999, 2000) coefficients are discussed below. The time 
dependence of the ao-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 
SFD column the first coefficient ao has been set to zero for simplicity. This coef­
ficient determines the absolute number of projectiles. The absolute value ofao 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: I -
N ~ D-2.9 (Shoemaker et ai., 1970); 2 - N ~ D-2.O (Hartmann, 1971); 3 - N ~ D-l.8 (Baldwin, 
1971; Hartmann et ai., 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 oN in the 

diameter range from D to D + 0 D, divide by the bin width, 0 D. As we have an 
analytical representation of N(D), we can simply differentiate Equation (2): 

dN N 11 . 
- = - x L Gj X [loglO(D)]l-1 
dD D j=1 

(3) 

where N is expressed by Equation (2). 
Note: mathematically the derivative dN /dD is negative, since N(D) is a de­

creasing function. However, for practical purposes,dN /dD 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 functionN(D) is close to a power-law Db 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) (Ivanovet aI., 2000) (Ivanovet aI., 2000) 

aD -3.0768 -3.0876 0 

al -3.6269 -3.557528 +1.375458 

a2 +0.4366 +0.781027 + l.272521 x 10- 1 

a3 +0.7935 +l.021521 -1.282166 

a4 +0.0865 -0.156012 -3.074558 x 10- 1 

as -0.2649 -0.444058 +4.149280 x 10- 1 

a6 -0.0664 +0.019977 +l.910668 x 10- 1 

a7 +0.0379 +0.086850 -4.260980 x 10-2 

a8 +0.0106 -0.005874 -3.976305 x 10-2 

a9 -0.0022 -0.006809 -3.180179 x 10-3 

aiD -5.18 x 10-4 +8.25 x 10-4 +2.799369 x 10-3 

all +3.97 x 1O-s +5.54 x 1O-s +6.892223 x 10-4 

al2 +2.614385 x 10-6 

a13 -l.416178 x 1O-s 

al4 -1.191124 x 10-6 

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-calledR-distribution, 
which is simply dN /dD multiplied by D3 (cf. Arvidson et ai., 1978): 

R(D) = D3 x dN 
dD 

(4) 

If dN /dD is proportional to D-3 , then R(D) is a constant; if dN /dD is pro­
portional to D-2 , then R(D) is proportional to D; if dN /dD is proportional to 
D-4 , then R(D) is proportional to D- I , etc. 

The same equations may be used to describe the size-frequency distribution of 
projectiles. Below we express projectile dimensions via the projectile diameterDp . 

One may use Equations (2) - (4) for projectiles, changingD into Dp. 

2.4. NPF UPDATING 

The new count of 6700 lunar impact craters in an area of 7.8 x lOs km2 rejuvenated 
by the Orientale impact allows us to re-estimate the size-frequency distribution for 
the large-crater part (Ivanovet ai., 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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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 et al. (1981) and other highland counts by N eukum (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. Leli: Mare Imbrium counts. Right: 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 SFO 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 SFO 
distributions of various ages to illustrate the main features of the non-power-Iaw 
SFO. Figure 5 illustrates published crater counts for Mare Imbrium and Mare 
Crisium in comparison with the proposed standm'd 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 SFO from a simple power law is well 
illustrated by individual crater counts. It seems that the suggested "flattening" of 
the "average mare" crater SFO 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 SFO of rayed (Copernican) craters 
(McEwen et a!., 1993; 1997). Figure 6 left compares the SFO for farside rayed 
craters (McEwen et a!., 1997) with crater counts for Copernicus itself - see "old" 
counts by Hartmann et a!. (1981), and "new" counts by Neukum cited by McEwen 
et a!. (1993). 

The non-power-Iaw curve well approximates the size-frequency distribution for 
craters with an age of 1.5 Gyr (Neukum's dating in McEwen et at., 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 SFO 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 a!., 1987), 
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Figure 7. a) The cumulative N(D) curves (I) 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 McEwenet ai., 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 et ai., 1997) and Copernicus itself. In Figure 6 left 
counts of Orientale and Copernican craters are compared inR-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 = 1 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 = I km and in the diameter range of 30 
to 100 km HPF and NPF give the same or similar results. 
I - 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 et 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 (St6ffier 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 et 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 (StOffier 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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Figure 9, Comparison of two lunar cratering chronology models by Hartmann et al. (1981) and by 
Neukum (1983). 
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Figure 11. Estimate of the cratering rate as a function of time. The curve is a time derivative of the 
Equation (5), normalized to the modern impact rate. Diamonds present the model by Durda et al. 
(1998) where the gradual decrease of the number of the MB asteroids is due to the collision evolution 
only (no losses to planet crossing orbits). 

Neukum (1983) expressed it analytically in the form (also used here) 

N(l) = 5.44 . 1O- 14 [exp(6.93T) - 1] + 8.38 . 1O-4 T (5) 

which relates the number of craters equal to and larger than I km in diameter per 
km2 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, dN /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- 1 (Zahnle eta!., 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 (Ivanovet 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-Iaw deviations seem 
to be controlled by the strength-to-gravity transition in the collisional evolution of 
asteroids (e.g., Durda et ai., 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 (Daviset aI., 1985; 
Durda et aI., 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 lkm < 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 Durda et al. 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 modem theories predict the surface density of mate­
rial in the protoplanet disk 10' to 104 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 modem 
asteroid belt (Wetherill, 1989; Ruzmaikina et a!., 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; Rabinowitzet a!., 
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 aI., 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 i) 
is in a steady state: if a body with current parameters a, 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 
crossers. 

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

Size of Crate ring Projectiles. Using scaling laws (Ivanov, 2001) and estimated 
impact velocities, one can find the projectile SFD,dNjdDp , for a given impact­
crater SFD, d N j 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 Mg m-3) 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 14th 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: 
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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 genh is the projectile flux enhancement factor due to the gravitational attrac­
tion to the target body (here Vesc and Uinf 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 
"'-'lOa km with a steep part for smaller craters and the '?\'-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 kIn, the oldest of which is 115 Myr old, 
and 

8 craters with diameters from 55 to 100 kIn 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 kIn in the younger set and smaller 
than ",45 kIn 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 106 km2 - 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. Ivanovet 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 ai., 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 sameR-maximum 
and R-minimum in the SFD is clear. 
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Figure ]6. Mars: the crater SFD for heavily cratered terrain (I - after Hartmann et al. (19 8 1), 
Elysium Planitia and Alba Patera lava flow (2, 3 - after Neukum and Hiller, 1981) and a relatively 
young volcanic caldera floor (Hartmann et aI., 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 ai., 1992, 1994; Chapman et at., 1996a, b; Veverka 
et at., 1997, 2000). All four bodies are covered by impact craters. Assuming an 
average velocity of impact of 5.5 kmls in the Main Belt, it is possible to estimate 
the small-projectile asteroid SFD (Ivanovet ai., 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 et at., 1996a). Large craters on Ida may be formed in the gravity regime 
(Asphaug et at., 1996). 

For Mathilde and Eros we use the published impact crater SFD (Veverka et 
at., 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 Hausen (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 et ai., 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-frequeucy Distribution of Asteroids 

4.1. ASTEROID COUNT 

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

dN jdDp ex Dpk (6) 

where the value of k may vary from 2.95 ("PLS-slope", after the Palomar-Leiden 
Survey -van Houtenet at., 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; 1 - geometrical 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 offragments. 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 ('" 1 00 km in 
diameter) the non-power-Iaw 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 at., 1994a, b; Durda et aI., 1998). 

Spacewatch Data for Main Belt. ledicke 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 J 8. R-plot for Main Belt asteroids according to Davis et a1. (1994) (filled square - observed 
asteroids, open square - assumed by PLS) and Spacewateh data by Jedicke and Metcalfe (1998) for 
all the Main Belt (thick curve) and the inner belt (thin curve with error bars) in comparison wiLh the 
SFD for projectiles formed lunar craters. 

various types and corresponding typical albedos in the Main Belt (Gradieet 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 at., 1991). 
Spacewatch Data for Main Belt. In Figure 18 data from direct observations (fol­
lowing Davis et al., 1989) and estimations by ledicke and Metcalfe (1998) are 
shown. The SPD 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 relativeR-minimum at asteroid diameters 
D "'30 - 40 km; the depth of this minimum may vary for different semimajor 
axes Cl. 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 SPD 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 "-'5 0 km. The lunar 
SPD does show this maximum. 

3. For asteroid diameters of 2 to 20 km the general shape of the SPD 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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All discoveries up to October 2000 (provided by Minor Planet Center) 

Estimated total population: 

Projectile SFD, Werner et al. (2000a,b) 
NEAT and Spacewatch, Rabinowitz et al. (2000) 

7 LINEAR, Werner et al. (2000a) 
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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 ai., 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 Durdaet 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 Ivanovet 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. 
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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 peA 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 Neukumet 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 playa 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 ofthe 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). 

.... Chronology and Evolution of Mars 96 87-104, 2001. 
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Recently, Morbidelli (1999) has reviewed the evolution of understanding the 
peA 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 QJ6 or 311), 
"new" fragmental asteroids change eccentricities and become peAs. They further 
change orbits due to close encounters with terrestrial planets. The time scale for 
the transition from MB to peA orbits is'""" 1 Myr; the life time at the peA'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 Farinellaet 
a1. (1994), reviewed by Morbidelli (1999), demonstrated that resonances "pump" 
eccentricities of peAs up to a sun-grazing orbit. The recent dynamic model by 
Gladman et af. (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 peAs from the rest of the MB asteroids. The pure resonant orbital evolution thus 
looks like an effective "fast track" to create peAs from MB asteroids. 

The "slow track" interpretation was renovated by Miglioriniet af. (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 peAs 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 peAs 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 peAs. 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 01 - 1 Gyr. Thus, 4 
to 10 "generations" of asteroids should replace one another on the same peA 
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 peAs should be 
more abundant in small bodies compared to the MB population. In terms of a 
close to power law SFD, the peA'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 peAs. 
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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(q) 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 q, 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 aI., 1994; Jedicke 
and Metcalfe, 1998; Bottkeet al., 2000a, b). Here, PCAs are sorted in their abso­
lute magnitude and the obvious bias in theq-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 



90 B.A. IVANOV 

as their number per q-bin of width 0.1 AU. Comparing q-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 aI., 2000b). A scaled curve derived from 
N(q) distributions for H < 15 (Figure 1) and larger bodies fits to the data ofN(q) 
for larger bodies with H < 12. For Mars-crossers N(q) functions look similar. 
For small q 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 theq-distribution of asteroids with H < 15 may 
be used to estimate the N(q) 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 aI., 2000b). At the same time, 
the trial fit of N1s(q) with the N1s(q) 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 largerq (Figure O. 

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 
NH<ls/ NH<ls. 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 10-10 yc l • For the total number of projectiles of 155 and the moon radius 
of 1732 km the average impact rate (AI R) per year per km2 is AI Rmoon = 0.77 X 

1O-IS yc l km-2 The average impact velocity is (vmoon ) = 16.2 km/s. 
The AI R 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 limit e = 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 q 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 

The average impact velocity is (VMars) = 8.62 kIn s-I.This number corresponds 
to the observed NEA with H < 18, and may present ""-'40% ofthe real impact rate, 
as discussed above. 

The Mars/moon impact rate ratio, averaged in time, called ''Rbolide'' or Rb fol­
lowing Hartmann and Neukum (2001), has a value 

Rb = AI RMars/ AI Rmoon = 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, Rbolide, to 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 

(2) 

where D t is the transient crater diameter, Dp is the projectile diameter, p and 8 are 
densities of target and projectile materials, v is the impact velocity, a 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 aboutD t • 

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: 

(1.16) 1/0.78 

[(Dsg + Dt )g]0.22/0.78 

where Dsg is the characteristic strength to gravity transition crater diameter; craters 
with Dt « Dsg are formed in a strength regime, while craters with Dt » Dsg are 
formed in a gravity regime. After this reduction the generalized form of the scaling 
law is 

1.28 
(3) 

Dp(8/ p)0.26(V sina)0.55 

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 t « 
Dsg) the crater diameter is proportional to the projectile size: 

D = 1.28 D (8/p)0.26(v sin a)0.55 
t (Dsgg )0.28 p 

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, Db for an 
observed crater with a rim diameter D: 

Dt = D~·15 X 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 Db and Equa­
tion (3) for an assumed impact velocity v and impact angle a, one can estimate a 
projectile diameter needed to form the crater with a given final diameter D. 

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 aZ., 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 Dsg and D* to gravity g (Pike, 
1980). The recent Mars Global Surveyor data seem to significantly improve theD* 
estimates (Garvin et aZ., 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 aI., 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 Neukumet ai. (2001). The 
re-calculations ofthe 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: 

(5) 

The crater diameter is expressed as 

D "-' D~vf3 g-Y. 

The crater's SFD is also a power law 

N(> D) "-' D-b (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 (namedRb 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 

D - Dl/av-fJ/agy/a 
PM - M M 

On planet #2 (the moon) the same crater is created by a projectile with the diameter 

DPrn = Dl/a v;;//a g"'{ja 

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, Rb , by a "planetary" factor, fr, derived 
from the scaling law and the size-frequency distributions: 

fr = (VM/Vrn)bfJ/a . (gM/grn)-by/a 

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

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. (981): f3 = 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 

(7) 

The "planetary" factor, fr, 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 = (DM / Drn)b x Rb = (0.33 to 0.48) x 4.8 = 1.6 to 2.3 (8) 

"Modem" values of exponents in the scaling law (j3 = 0.43, Y = -0.22 (Equa­
tion 2) give close numbers for simple gravity craters: 

DM/Drn = (VM/Vrn)fJ(gM/grn)-y = 0.64 

R = (DM/ Drn)b x Rb = (0.26 to 0.41) x 4.8 = 1.28 to 1.99 

(9) 

(0) 

This comparison leads to the conclusion that the "old" scaling by Hartmann (1977) 
gives just the same DM/ Drn 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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TABLE I 

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; Rb is the Mars/moon impact 
rate ratio; D Dp=! is the crater diameter for vertical impact of an asteroid of I kIn diameter; b is the 
exponent in the cumulative size distribution (Equation 6). 

Planet v Rb DDp=! b = 1.8 b = 2.2 b = 3.82 

kms-! kIn (~~t R (~~t R (~~t R 

I moon I 16.09 I I 15.32 I 
Mars 

e = 0.093 8.61 4.8 9.87 0.45 2.18 0.38 1.83 0.19 0.90 

e = 0.05 10.32 2.02 10.65 0.52 1.05 0.45 0.91 0.25 0.51 

e = 0.01 10.86 1.73 10.88 0.54 0.93 0.47 0.81 0.27 0.47 

I 

I Time avo I 9.59 I 2.04 I 10.32 I 0.49 1.00 I 0.42 0.86 I 0.22 0.45 I 

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 (high e) 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 thesame 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 ai., 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 aI., 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 ~ 0.5, 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 predictiveN(D) 
functions for Martian surfaces of varying ages, as presented in the following. 

Modell 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 aI., 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 Ivanovet 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, a) 
of the projectile and impact parameters Dp (projectile diameter), v (impact 
velocity) and a (impact angle, a = 90° means vertical impact). 

The probability for a projectile to have the impact velocity in the range from 
v to v + dv is iv(v)dv. The minimum impact velocity is equal to the escape 
velocity of a planetary body, Vesco 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 a + da is a function 
frAa). The maximum impact angle is naturally 9<J' (vertical impact). The 
minimum angle of impact amin 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 

dN fvrnax 
a
f

rnax [dN dDp] - = dv da -- fv(v)fa(a) 
dD dDpdD 

(11) 

vrnin Cl'min 

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

The integral equation (11) enables to calculate the projectile SFD for a known 
SFD of craters, Dp(D, v, a), 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 Ivanovet 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): 

-2.894 - 3.82 log DL , D < 1.0 km 

-2.938 - 1.72 log DL , 1.0 km < D < 32 km 

log NH = -2.146 - 2.20 log DL , D > 32 km (12) 

Note the slight change in the exponent (Equation 12) with respect to the lunar HPF 
(Neukum et aI., 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 (Neukumet aI., 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 for D > 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 Modell (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 Dsg 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 1110, 111 00, and 111000 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 1110 
and 11100 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 1110 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 

10gIO(N) = ao + L all [logIO(D) r . 
11=1 

Coefficients ai are listed in Table III; the fit is valid for ~ 15 m < D < 362 km. 
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TABLE II 

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 NPFIHPF for Mars and moon. 

I DL (km) I NH(Mars) I NH(moon) I (N P F / H P F)Mars I (N P F / H P F)moon 

0.0156 8154 
0.0221 2170 
0.03l3 577.4 
0.0442 153.6 
0.0625 40.88 
0.0884 10.88 
0.1250 2.895 
0.1768 0.7702 
0.2500 0.205 
0.3536 0.05454 
0.5000 0.01451 
0.7071 3.787x 10-3 

1.0000 1.158xlO-3 

1.414 6.207 x 10-4 

2.000 3.326xlO-4 

2.828 1.782x 10-4 

4.000 9.552x 10-5 

5.657 4.902 x 10-5 

8.000 2.580x 10-5 

11.310 1.646 x 10-5 

16.000 8.821x 10-6 

22.630 4.727 x 10-6 

32.000 2.533 x 10-6 

45.250 1.357 x 10-6 

64.000 6.336x 10-7 

90.510 2.956x1O-7 

128.000 1.379x 10-7 

181.000 6.433 x 10-8 

256.000 3.001x 10-8 

0 -3.384 3 
1 -3.197 4 

2 1.257 5 

19210 0.21 
5113 0.26 
l360 0.32 
362 0.41 

96.32 0.51 
25.63 0.65 
6.82 0.79 
1.815 0.91 

0.4829 0.99 
0.1285 1.02 

0.03419 1.03 
9.098x 10-3 1.09 
2.421 x 10-3 1.04 
6.443 x 10-4 0.62 
3.453x 10-4 0.42 
1.850x 10-4 0.33 
9.915x 10-5 0.29 
5.3l3x1O-5 0.31 
2.847x 10-5 0.39 
1.526x 10-5 0.53 
8.177xlO-6 0.74 
4.382x 10-6 0.90 
2.348 x 10-6 0.92 
1.258xl0-6 0.78 
6.736x1O-7 0.66 
3.142x1O-7 0.52 
1.466 x 10-7 0.41 
6.839x 10-8 0.33 
3.191x1O-8 0.35 

TABLE III 

Coefficients for the Martian NPF 

0.7915 6 0.1016 9 
-0.4861 7 6.756x 10-2 10 
-0.3630 8 -1.181.10-2 11 

0.15 
0.20 
0.25 
0.31 
0.39 
0.49 
0.62 
0.77 
0.89 
0.98 
1.02 
1.03 
1.06 
1.14 
0.67 
0.45 
0.34 
0.30 
0.31 
0.38 
0.54 
0.74 
0.90 
0.91 
0.78 
0.66 
0.52 
0.41 
0.32 

-4.753 x 10-3 

6.233x 10-4 

5.805x 10-5 
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Figure 7. The Martian "isochrones" based on the Neukum Production Function (Modell) 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 ao in Table III is calculated for a crater retention age of 1 Gyr. It 
corresponds to the cumulative number of craters larger 1 km 

N(1) = 10-3.312 = 4.13 X 10-4 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(l) = 2.68 . W- 14 (exp(6.93T) - 1) + 4.13 x w-4 r (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 = 10m. 

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 Iherzolitic), 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, Iherzolitic shergottite Y-793605 and orthopyroxenite ALH84001, are monomict breccias, 
indicating a two-phase shock history in toto: 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 S! (~175 Myr), 
including 4 of 6 dated basalts and all 3 Iherzolites, and ~ (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 (~O. 7 Myr) values for Martian meteorites. Five groups are distinguished 
and designated SDho (one basalt, ~20 Myr), SL (two Iherzolites 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), SOaG (two 
basalts, ~ 1.25 Myr), and SE (the youngest basalt, 0.73 ± 0.15 Myr). Consequently, crystallization 
age group S! includes ejection age groups SL, SE and 4 of the 5 members of S, whereas S2 includes 
the remaining member of S and one of the two members of SOaG. Shock effects are different for 
basalts and Iherzolites in group SIS!. Similarities to the dated meteorite DaG476 suggest that the 
two shergottites that are not dated yet belong to group ~. Whether or not S2 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 SL that are greater than ejection ages of 
S, whereas secondary breakup in space is required to account for ejection ages of SE less than those 
of S. Because one member of crystallization age group S2 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, Le., 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. 

Chronology and Evolution of Mars 96105-164,2001. 
© 2001 Kluwer Academic Publishers. 
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The crystallization age and the ejection age of ALH8400l, the second oldest ejection age at 
15.0 ± 0.8 Myr, give evidence for another ejection event (0). 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, 0, 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 Wanke, 1987; Wanke and Dreibus, 1988; Wanke, 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 at., 1986; Marti et ai., 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 at., 
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 and39 Ar-
40 Ar ages were discordant (Nyquist et ai., 1979a; Bogard et at., 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 39 Ar-40 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 39 Ar -40 Ar ages of bulk samples could be 
biased low due to diffusive loss of 40 Ar, 39 Ar-40 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 ai., 1979a; Bogard et ai., 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 87Sr/86Sr between different samples of Zagami was shown 
by Nyquist et ai. (1995). Papanastassiou and Wasserburg (1974) had observed a 
similar heterogeneity in initial 87Sr/86Sr 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 87Rb decay constant recommended by Minster et ai. (1982); i.e., A87 = 
1.402 x 1O-llyc1). Gale et ai. (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 aZ. (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 87Sr/86Sr of the solar system (Pa­
panastassiou and Wasserburg, 1974; Gale et ai., 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 et ai. (1979b) found the Sm-Nd model ages of three shergottites rel­
ative to initial143Ndll44Nd 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 SrnlNd 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 (eRE) 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 eRE ages, for example, require mass spectrometric 
techniques similar to those required for 39 Ar-40 Ar age dating, so stable noble gas 
eRE ages often are determined in the same investigations as those in which 39 Ar-
40 Ar ages are determined. An early study of four shergottites, Shergotty, Zagami, 
ALH77005, and EET79001 (Bogard et aI., 1984) showed that, whereas three of 
them had very similar apparent exposure ages of "-'2-3 Myr, one (EET7900l) had 
a much lower apparent exposure age, < 1 Myr. One possible explanation was that 
the actual exposure age ofEET79001 was the same as that ofthe 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 eRE ages plus the time the meteorites have been on Earth give directly 
the time since they were ejected from Mars (ef Eugster et al., 1997b). However, 
the young eRE 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 39 Ar _40 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 (ef Shih et aI., 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, 
39 Ar-40 Ar ages can be explained by the presence of excess, non-radiogenic 40 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 tum 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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Figure 1. Classification of Martian meteorites (modified after Stephan et ai., \999). 

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 ai., 1997). Among the basaltic shergottites, 
only Dar al Gani 476 and Sayh al Uhaymir 005 have some similarities to lithol­
ogy A of EETA 79001, containing large xenocrysts of olivine set into a matrix of 
clinopyroxene and maskelynite (Zipfel et ai., 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 at., 1992; McSween, 1994). 

Compared to terrestrial basalts, the basaltic shergottites are characterized by a 
high Fe/(Fe+Mg) ratio and low Ab03 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 (Wanke and Dreibus, 1988; Lodders, 1998; Zipfel et at., 2000; Rubin 
et at., 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 Iherzo1itic as they 
contain < 10 vol. % plagioclase. They are composed of relatively coarse-grained 
anhedral to euhedral olivine and chromite enclosed by large orthopyroxene crystals 
(Harveyet at., 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 ai., 1993). High concentrations of Fe3+ in chromites suggest high 
oxygen fugacity during crystallization. Similarly to the basaltic shergottites, the 
lherzolitic ones are depleted in LREE (Dreibus et at., 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 at., 1998a, 1998b). 

2.3. NAKHLITES 

The group of nakhlites contains the three clinopyroxenites Nakhla, Lafayette, and 
Govemador 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 transfonned into maskelynite by shock, pigeonite, ferroaugite, titano­
magnetite, pyrite, troilite, chlorapatite, and sometimes SiOrrich 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 ai., 1991; Bridges and Grady, 2000; Swindle et ai., 2000). 

All three meteorites are cumulates, and lamellar inclusions of augite and mag­
netite in olivine from Nakhla and Govemador Valadares confinn 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 fonned 
from different parent magmas (Nakamura et ai., 1982b; McSween, 1994). 

2.4. CHASSIGNY 

Chassigny is the only dunite among the Martian meteorites, and consists of 90% 
Fe-rich olivine (Fa~32), 5% pyroxene, 2% feldspar (An~2o; maskelynite), and 3% 
accessory phases (Floran et at., 1978). High concentrations of Fe3+ in chromite 
as well as lamellar exsolutions in olivine indicate crystallization at high oxygen 
fugacity and low cooling rates (Floran et at., 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 

ALH84001 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 120' triple junctions and poikilitically enclosing 
FeH -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; lull 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 > 10m 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 Iherzolitic textures revealed a preferred crystallographic 
orientation of olivine, proving that the Iherzolitic 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, Iherzolites 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. ALH84001 (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 
ALH84001 corresponded to magmatic temperatures of'" 1400 - 1470°C, and to a 
static pressure of "'0.5 GPa, equivalent to a depth of "'40 kIn 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 

It is 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 kIn in diameter. Recent refinements 
of the model have reduced the size limit to >3 kIn (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; StOffier et 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; StOffier et ai., 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 (StOffier, 1972; Staf­
fier et ai., 1988; Bischoff and StOffier, 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., 
Muller, 1993). Olivine, if present, is affected by strong mosaicism, deformation 
bands, planar fractures, planar deformation features and high dislocation densities 
(e.g., Greshake and Staffier, 1999, 2000). Ostertag et ai. (1984) attributed the 
brown staining of olivine in ALH77005 to a shock-induced oxidation of iron to 
Fe3+. 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 (Staffier 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 (StOffier et ai., 1986). These pressure estimates are 
based on experimental data (Kieffer et ai., 1976; Schaal and Harz, 1977; Schmitt, 
2000). In addition, high pressure phases such as very dense post-stishovite poly­
morphs of Si02 have been discovered in Shergotty (Sharp et ai., 1999; El Goresy 
et ai., 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 et at., 1999). Recently, an assemblage of omphacite, stishovite and 
KAlSi30 g-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 at., 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 EETA 79001 (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 et aI., 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 (Staffier et 
al., 1986), Zagami: 31 ± 2 GPa (Staffier et al., 1986; Langenhorst et al., 1991), 
EET79001: 34 ± 2 GPa (Lambert, 1985), ALH77005: 43 ± 2 GPa (McSween and 
Staffier, 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 
Staffier, 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 aI., 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 L6hr (1992) noted that the 4He content of lher­
zolite LEW88516 indicates complete loss of radiogenic 4He 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 (Staffier et al., 1986; Muller, 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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TABLE I 

Estimates of the peak shock pressure (final equilibration shock pressure) and the overall 
post-shock temperature increase in Martian meteorites. Data from St6ffler et at. (1986) 
and St6ffler (2000) except for Sayh al Uhaymir 005, Los Angeles, and Dhofar (this paper). 

Meteorite Shock pressure (GPa) Post-shock temperature* 

Shergotty 29± 1 200± 20 

Zagami 31 ± 2 220 ± 50 

EETA 79001 34±2 250 ± 50 

QUE94201 ~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) ~IOO 

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 un shocked 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 et 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 
Stbffter, 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 et al., 1977; Stbffter 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 III rocks (45 - 60 GPa; Stbffter, 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 



AGES AND GEOLOGICAL HISTORIES OF MARTIAN METEORITES 119 

the conditions invoked by the spallation model (Melosh, 1984). Consequently, the 
lherzolitic shergottites (40-45 GPa) must have originated from ~O.l 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 off. 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 ALH8400l, 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 39 Ar30Ar Rb-Sr Sm-Nd U-Th-Pb Preferred 

(Gyr) (Gyr) (Gyr) (Gyr) (Gyr) Age (Gyr) 

Clinopyroxenites (Nakhlites): 

Nakhla 1.30 ±O.03a 1.3b 1.23 ± O.Ole 1.26 ± O.07d 1.28 ± 0.05d 1.27 ± 0.01 
1.30 ±O.02e 1.24 ± O.lld 
1.36 ± 0.02e 

Governador 1.32 ± 0.04f 1.32 ± O.Olg 1.37 ± O.02h 1.33 ± 0.01 

Valadares 1.19 ± O.02h 

Lafayette 1.33 ± O.03b 1.25 ± 0.08i 1.32 ±0.05' 1.32 ± 0.02 

Dunite: 

Chassigny 1.39 ± O.l7i 1.32 ±0.07k 1.22 ± 0.011 1.36 ±0.06ffi 1.34 ± 0.05 

Orthopyroxenite : 

ALH84001 

Silicates 3.92 ± 0.10" 4.55 ±0.30q ~4.56s 4.51 ± 0.11 
4.07 ±0.04° 3.89 ± 0.05r 4.50 ± 0.12Q 

4.10 ± 0.20P 

Carbonates ~3.6t 3.90 ± 0.04u 4.04 ±O.IOu 3.92 ±0.04 
1.41±0.10' 

References: aStauffer (1962); bPodosek (1973); cGale et al. (1975); dNakamura et al. (1982a); 
epapanastassiou and Wasserburg (1974); fBogard and Husain (1977); gWooden et al. (1979); 
h Shih et al. (1999); ; Shih et al. (1998); iLancet and Lancet (1971); kBogard and Garrison (1999); 
'Nakamura et al. (1982b); m Jagoutz (1996); nTumer et al. (1997); °Ilg et al. (1997); PBogard and 
Garrison (1999); qNyquist et al. (1995); rWadhwa and Lugmair (1996); sJagoutz et al. (1994); 
tKnott et al. (1996); uBorg 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 ai., 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 ai., 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 39Ar3OAr Rb-Sr Sm-Nd U-Th-Pb Preferred 
(Myr) (Myr) (Myr) (Myr) (Myr) Age (Myr) 

Shergottittes (Basalts) : 

Shergotty 580 ±50al 254 ± lOb 163 ± 12d 147 ± 20e 200 ±4g 165±4 
196 ± 40w 167c 165 ±4e 360 ± 16e 437 ± 36g 

620 ± 171f 600± 20g 

217 ± 110h 
189 ± 83h 

Zagami 242c 178 ±3f 163 ±7i 230±5g 177±3 
174 ± 14i 229 ± 8g 

163 ± 19i 

Los Angeles 165 ± lli 172 ± gi 170±8 
EETA79001A 2035c 172 ± 18k 150 ± 15g 173±3 

170± 36g 

EETA7900lB 177 ± 12k 165 ±431 

173 ± 31 

QUE94201 730c 327 ± 12m 327 ± 19m 327 ± 10 

DaG476 474 ± 11" 474 ± 11 
~800o 

Shergottites (Lherzolites) : : 

ALHA77005 1330± 130P 3500c 156 ± 6q 173 ± 7' 179±5 
188 ± llf 
185 ± 11' 

LEW88516 2600c 183 ± lOs 166± 16t ~170u 178±8 

Y793605 1595c 212 ± 62v 212 ± 62 

References: alGeiss and Hess (1958), recalculated to the K-decay constants by Steiger and Jager 
(1977); aEugster et al. (1997a); bBogard et al. (1979); CBogard and Garrison (1999); dNyquist et 
al. (1979a); e Jagoutz and Wiinke (1986); f Shih et al. (1982); g Chen and Wasserburg (1986); h Sano 
et al. (2000); iNyquist et al. (1995); jNyquist et al. (2000); kNyquist et al. (1986); [Nyquist et al. 
(2001); mBorg et al. (1997); nBorg et al. (2000); °Jagoutz et al. (1999), Jagoutz and Jotter (2000); 
PMiura et al. (1995); qJagoutz (1989); rBorg et al. (2001b); s,tBorg et al. (1998a, 1998b); uChen 
and Wasserburg (1993); vMisawa et al. (1997); wTerribilini et al. (1998). 

4.1. ORTHPYROXENITE ALH84001: A CARBONATE-BEARING FRAGMENT 

OF THE N OACHIAN CRUST 

ALH84001 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 ALH84001 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 ALH8400 I, as determined by a variety of techniques. 
Sm-Nd isochron ages for silicate minerals indicate primary crystallization prior to 4.4 Gyr ago. 
39 Ar-40 Ar 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 ALH8400 I 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 Ar3 0 Ar 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, 
m~or contributors to the REE budget, would be dissolved into the "leach" solu­
tions, leaving the residue as a complementary end member. Nyquist et at. (1995) 
reported both Sm-Nd and Rb-Sr data for ALH84001. They obtained a 147Sm_144Nd 
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 
e46Sm/144Sm)I = 0.0022 ± 0.0010 for ALH84001 from variations in 142Nd/I44Nd 
caused by decay of 146Sm (T 1/2 = 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 LEW860l0, for which C46Sm/144Sm)/ was "'-'0.0070-
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0.0076 (Lugmair and Galer, 1992; Nyquist et aZ., 1994). The 146SmlI44Sm ratio 
requires closure of the Sm-Nd system in ALH84001 no earlier than "'-' 115 Myr 
after formation of the angrite. Although 142Nd/144Nd 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 147Sm_144Nd age. Thus, 
the great antiquity of ALH84001 appears to be established, in spite of generally 
lower 39 Ar-40 Ar ages, and a lower Rb-Sr age (Wadhwa and Lugmair, 1996). 

The 39Ar_40Ar 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 aZ. (1997) derived an 39Ar_40Ar 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 40 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 of3.84±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 39 Ar-40 Ar 
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 (87 Sr decay constant A87 = 1.402 X 10- 11 yc l , Minster et aZ., 
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). 

ALH84001 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 et 
al. (1996) reported an age of ~3.6 Gyr by laser-probe 39 Ar_40 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 39 Ar-40 Ar dating (Knott et aZ., 1996). These results, combined with 
the 39 Ar_40 Ar studies of ALH84001 silicates, suggest that plagioclase outgassing 
and carbonate formation were contemporaneous, and possibly even simultaneous. 
If so, the lower 39 Ar-40 Ar age reported for "carbonate" by Knott et al. (1996) may 
reflect some 40 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 39 Ar_40 Ar study of Knott et aZ. (1996). 
Gleason et al. (1997) and Kring et al. (1998) also favored carbonate formation via 
dissolution-replacement reactions between CO2-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 et 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 39 Ar-40 Ar study of Knott et al. 
(1996), as reported by Turner et al. (1997), does not give the age ofthe 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 ~ 1 00 Jim 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 et 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 et at.: " ... 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 at. (1997). If, as argued 
by the authors and Kring et at. (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. CO2-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 et aZ. (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 (cJ, Warren, 1998). Also, in an experimental study, Golden et 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 ofthe 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 "-' 1 if years. Supply of water to them from deep 
aquifirs might provide a connection to possible life residing in the aquifirs (Boston 
et aZ., 1992). Thus, although the suggestion by McKay et aZ. (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 A120 3, Si02, and K20 than typical Martian 
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crustal rocks such as the Pathfinder "sulfur free rock" (Rieder et al., 1997; Bell 
et aI., 2000). Although rocks at the Pathfinder site are thought to be derivative 
from the southern Martian highlands, the Ah03 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 Ah03-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 ferro an 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 
lunar 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 N eukum (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, 
39 Ar_40 Ar, 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 
1.1 1.2 1.3 1.4 

I I ii' Iii iii I iii Iii I 

Sm-Nd 
I Lafayettel Rb-Sr 

39Ar_40Ar 
Sm-Nd 

I Gov. Val.l Rb-Sr 
39Ar_40Ar 

U-Th-Pb 
Sm-Nd 

I Nakhlal Rb-Sr 
39Ar_40Ar 

K-Ar 
Sm-Nd 

I Chassignyl Rb-Sr 
39Ar_40Ar 

K-Ar 
, I , I I I I I I , 

1.1 1.2 1.3 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 aZ., 1999; Shih et aI., 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 40 Ar from the Martian atmosphere and 
mantle, and possibly excess, inherited, radiogenic 40 Ar 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 ± II 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. 

tltles to significantly affect measured 39 Ar_40 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 
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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 40 ArP6 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 40 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 aZ. (1979), who 
redetermined the K-Ar age using the 39 Ar-40Ar technique, and also by Nyquist et 
al. (1979b), who determined the Rb-Sr age as well. The 39 Ar-40 Ar ages of stepped 
extractions of Ar from a whole rock were variable, but similar to the value of Geiss 
and Hess (1958). The 39 Ar-40 Ar ages of stepped extractions from a plagioclase 
separate were approximately constant and gave a good age plateau at 254± 10 Myr. 
The Rb-Sr age was younger still at 165± 11 Myr. Nyquist et aZ. (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 39 Ar-40 Ar ages. Subsequent work showed that not 
only was the Rb-Sr age younger than the 39 Ar_40 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 
Wanke (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 aZ., 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 Wanke 
(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 "-' 147M yr 
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 Wanke (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 aZ. (2000). Thus, the interpretation of Jagoutz and Wanke (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 40 ArP6 Ar ratio of 1780. This 40 ArP6 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 40 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 ± 7 Myr was found for Zagami, a "twin" of 
Shergotty (Nyquist et ai., 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 at., 1979b; Jagoutz and 
Wanke, 1986) converted to a 87Sr decay constant A87 = 0.01402 Gyc 1, as used 
throughout this paper (Minster et ai., 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 170±7 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 ± 3 Myr recently determined in the JSC 
lab (Nyquist et at., 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 Zag ami (Nyquist et ai., 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 et 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 ai. (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 ± 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 ± 62 Myr for the third lherzolitic 
shergottite, Yamato 793605 (Misawa et ai., 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 ai. (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 39 Ar-40 Ar ages of the shergottites are systematically older than the Rb­
Sr ages, as we have already mentioned for Shergotty. Although 39 Ar_40 Ar ages in 
terrestrial basalts can sometimes be "too old" because of inherited radiogenic 40 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 40 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 
40 ArP6 Ar ratio of the Martian atmosphere has a relatively high value of "-' 1800 
(Bogard and Garrison, 1999), which makes it difficult to correct for atmospheric 
40 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 4oArP6Ar 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 39 Ar_40 Ar ages (Bogard and Garrison, 1999), as can be seen from 
the 39 Ar-40 Ar ages given for them in Table III. Most of the listed 39 Ar-40 Ar ages are 
from the compilation of Bogard and Garrison (1999), and are "total 40 Ar ages" for 
stepped 39 Ar-40 Ar analyses. Those 39 Ar-40 Ar 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 39 Ar_40 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 40 Ar age for a bulk sample of 
Shergotty into trapped and radiogenic 40 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 40 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 4oK_40Ar age of 196 ± 40 Myr 
from an isochron plot of 40 ArP6 Ar versus KJ36 Ar in a bulk sample and separated 
minerals of Shergotty. The corresponding ratio for trapped 40 ArP6 Ar was found to 
be '"'-' 11 00, however, a value significantly lower than 40 ArP6 Ar '"'-' 1800 in the Mar­
tian atmosphere, showing that the shergottites contain both Martian atmospheric 
Ar and a mantle Ar component of significantly lower 40 ArP6 Ar ratio. These two 
components mix in variable proportions in Martian meteorites, making it necessary 
to independently determine the 40 ArP6 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/86Sr 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 87Sr/86Sr 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 et al. (1979b) argued that sub solidus isotopic equilibration 
might be achieved by heating at low temperatures ('"'-'300 - 400°C) for long times 
('"'-' 104 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 Gyr, 
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. 
DhofarOl9: preliminary data, Borg et al. (2001a). DaG476: constructed from the mineral isochron 
(Borg et aI., 2000) and the bulk 147 Sml l44Nd ratio (Jagoutz et aI., 1999). The other data are from 
the literature. A reference 1.3 Gyr isochron (Tref) has been drawn through the data for Shergotty, 
Zagami, and Los Angeles. For reasons that are unclear, the data of the shergottites DhofarOl9, 
QUE94201, and DaG476 appear to lie along Tnak, a nakhlite isochron for the average age of the 
nakhlites Nakhla, Govemador Valadares, and Lafayette. The linear alignment along Tref 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 147 Sml l44Nd ratios determined by 
the intersection of the mineral isochrons with the primary ~4.5 Gyr mantle differentiation isochron. 
Such an intersection would occur at 147Smll44Nd ~0.3 for QUE94201, DaG476, and Dhofar 019. 
QUE94201, DaG476, and the nakhlites also have measured excesses of 142Nd from decay of 103 Myr 
146Sm (Harper et aI., 1995; Borg et aI., 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 147 Sml l44Nd 
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 (ALH77005 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 147SrnJ144Nd and 143Nd/I44Nd ratios) from the Martian 
mantle with less radiogenic Nd (lower 147SrnJ144Nd and 143Nd/144Nd 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), QUE94201 (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 142Nd 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; cf. Harper et ai., 1995). Fig­
ure 6 shows that whole rock data for the nakhlites (Shih et ai., 1998, 1999), 
QUE94201 (Borg et ai., 1997), and newly found Dhofar019 (Borg et al., 2001a) 
all plot close to the extension ofthe 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 ai. (2000) for the 147 SrnJl44Nd 
ratio measured by Jagoutz et ai. (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 ai., 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 at. (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 at., 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 3He, 21 Ne, 
and 38 Ar and appropriate production rates, Ts, 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 21 Ne production. However, the 
81Kr_Kr ages, T81 , and, to a lesser extent, the IOBe-21 Ne ages, TIO, are less subject 
to all these sources of bias (Marti, 1967; Eugster et at., 1967). Terribilini et al. 
(2000) obtained T81 ages for 7 Martian meteorites. Their averages are 3% lower 
than the average Ts ages. The TIO ages, calculated for 5 Martian meteorites by 
several authors, are on an average also 3% lower than the Ts ages. It appears that 
these Ts 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 (Pmelt ). 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. 

I T3 T21 T38 Meth. Ts,av T81 TIO Tpref Tlerr Tej 

Shergottites (basalts) 

DhofarOl9 (13.78) 18.1 8 21.48 A 19.8 19.8 19.8 
±2.3 ±2.3 ±2.3 

Los (1.9a) 3.0a 2.8a A 3.02 3. lOb 3.10.6 3.10 3.10 
Angeles ±0.30 ±0.70 ±0.20 ±0.20 ±0.20 

(1.3Y) 3.2Y 3.1Y 
QUE94201 2.17c 3.12c 2.56c A 2.50 2. lOb 2.6° 2A2 0.29° 2.71 

±0.25 ±0.25 ±0.5 ±0.20 ±0.05 ±0.20 
2.20d 2.60d 2.50d A 
1.91 e * 2.75e A 
2.0f 3Af 2.3f A 

Sayh al 1.5E A 1.5 1.5 1.5 
Uhaymir ±0.3 ±0.3 ±0.3 
Shergotty 2.56g 3.56g 2.54g A 2.91 2.71 b 2.1p 2.73 2.73 

±0.25 ±0.30 ±0.2 ±0.2 ±0.20 
px 3.31g 3.17g 2.71g A 
mask 3.9g 3.00g A 

2Ah 3.2h 2.3h B 2.7q 
±0.9 

2.7 i 3.9i 2.1 i B 
2.5f 3.3f 2.2f A 
2.9-i B 
3.2k 4.0k 2.7k B 
2.01 3A1 2A1 B 

Zagami 2.84c 3.31c 2.56c A 2.85 3.05b 2.92 2.92 
±OA5 ±0.30 ±0.15 ±0.15 

3.2k 3.8k 2.6k B 
3Am 4.3m 1.8m B 
2.1n 2.ln 2.2n B 

Lherzolites 

ALHA 3.641 2A51 2.501 A 2.98 2.5P 2.87 0.19r 3.06 
77005 ±OA5 ±0.3 ±0.20 ±0.07 ±0.20 

3.8m 2.6m 2.9m B 2.8q 0.19s 
±0.6 ±0.Q7 

0.21A 
±0.08 

LEW 4.52c 4.90c 3.92c A 4.01 3.0w 3.92 0.021 u 3.94 
88516 ±OAO ±OAO ±O.OOI ±OAO 

4A2x 4.22x B 0.021 v 
±0.001 

3.96z 3.0z B 
4Aw 3.8w 3.0w B 

Y793605 4.72g 3.98g 3.13g A 4.67 4.67 0.035A 4.70 
±0.50 ±0.50 ±0.Q35 ±0.50 

4.9f 5.2f 4.6f A 
5.36B 5A6B A 
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TABLE IV 

(continued) 

I T3 T21 T38 M. Ts,av T81 TlO Tpref Tterr Tej 

Shergottite/Lherzolites 

DaG476 1.08H 1.26H 1.14H A 1.16 1.16 0.08Sa 1.24 
±0.11 ±O.ll ±O.OSO ±0.12 

DaG489 1.0ST 1.36T 1.09T A 1.17 1.17 0.08Sa 1.2S 
±0.19 ±0.19 ±O.OSO ±0.20 

EETA 0.68m 0.S2m 0.74m B 0.S4 0.78L 0.60 O.Ol2K 0.73 
79001 A ±0.09 ±0.14 ±0.09 ±0.002 ±O.lS 

O.SlM OA3M 0.30M B O.Sp 0.320L 
±0.1 ±0.170 

0.61L 0.S4L OASL B 0.73Q <0.06P 
±0.19 

OASN B (av.O.13) 
±0.12 

EETA OASm 0.69m 1.02m B 0.90Q 

79001 B ±0.17 
EETA OA6M OASM B TlO,av=0.73 
79001 C OA2N B 

Nakhlites 

Govemador l2.2P 12.3P 6.7P B 10.0 10.0 10.0 
Valadares ±2.1 ±2.1 ±2.1 

9.SQ 9.2Q B 

Lafayette 1O.1n l2An 8.8n B 11.9 11.9 0.0089U 11.9 
±2.2 ±2.2 ±0.0013 ±2.2 

13.7R 16.0R 1O.3R B 

Nakhla 11 Ai 12Ai 8Ai B 12.2 1O.7Sb 1O.7S 1O.7S 
±1.S ±OAO ±OAO ±OAO 

12.1J 12.01 1O.6J B 
14.8R 16.0R 12.2n B 

Dunite 

Chassigny 13.3g 11.1g 1O.5g A 11.6 1O.7b 11.3 11.3 
±1.6 ±1.8 ±0.6 ±0.6 

14.7F 13.9F 7.lF B 
IS.1 E 13.7E 8.8E B 
12.3i 1l.8i 7.1 i B 

Orthopyroxenite 

ALH ISA{ 17.0{ l2.3{ A 14.7 lS.8b lS.0 0.006Sv lS.0 
84001 ±0.9 ±3.3 ±0.8 ±O.OO1O ±0.8 

lS.6c 13.3c 12.2c A 
opx lSAc ISAc 12.9c A ~O.013Y 

14.9G 17.7° 17.S0 A 
lS.3t lSAt 12.8t A 
14.6f 14.1f 12.2f A 
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Notes 

T3, T21, T38: 

Meth.,M.: 

NYQUIST ET AL. 

TABLEN 

(continued) 

Cosmic-ray exposure ages based on 3He, 21 Ne, 38 Ar and appropriate production rates. 

Method used for calculating T3, T21, T38: 

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, T21, and T38 ages for a particular meteorite. Errors are 20'mean. 

T81: 81 Kr-Kr CRE age (Terribilini et aI., 2000). 
TIO: IOBe_21 Ne CRE age as given by authors. 

Tpref Preferred CRE age, Tpref = 0.5 x [Ts,av + 0.5 x (T81 + TIO,av)]' 

Error of Tpref, ~Tpref = 2JL (2~t,av + ~~1 + ~To,av) /12. 

Tterr: Terrestrial age as given by authors. 

Ter Mars ejection age, Tej = Tpref + Tterr. Error of Tej, ~Tej = J(~Tpref)2 + (~Tej)2. 
References 
a Garrison and Bogard (2000); b Terribilini et ai. (2000); C Eugster et ai. (1997b); d Dreibus et al. 
(1996); e Swindle et al. (1996); f Garrison and Bogard (1998); g Terribilini et ai. (1998); h Becker 
and Pepin (1986); i Ott (1988); j Eberhardt and Hess (1960); k Heymann et ai. (1968); 1 Milller 
and Zahringer (1969); m Bogard et al. (1984); n Ott (1989), unpubl. data (see Schultz and Franke, 
2000); 0 Nishiizumi and Caffee (1996); p Nishiizumi et at. (1986); q Pal et al. (1986); r Schultz and 
Freundel (1984); s Evans et al. (1992); t Miura et al. (1995); U Nishiizumi et al. (1992); v Jull et al. 
(1994); W Treiman et al. (1994); x Becker and Pepin (1993); Z Ott and Lohr (1992); A Nishiizumi 
and Caffee (1997); B Nagao et ai. (1997); 0 Bogard (1995); E Lancet and Lancet (1971); F Schultz 
and Signer (1973), unpublished; G Swindle et al. (1995); H Zipfel et al. (2000); J Stauffer (1962); 
K Jull and Donahue (1988); L Sarafin et al. (1985); M Becker and Pepin (1984), for R=35 to > 1000 
and d=6-80 g/cm2 ; N Swindle et al. (1986); P Bogard and Husain (1977); Q Swindle et 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 et al. (1995); (){ Nishiizumi et al. (1999; same Tterr for the paired 
meteorites DaG476/489); f3 21 Ne and lOBe data from Garrison and Bogard (2000) and Nishiizumi 
and Masarik (2000), respectively; Y Lorenzetti and Eugster (2001); ~ Shukolyukov et al. (2000); 
£ Paetsch et ai. (2000); I; 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 (cf. 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: DhofarOI9). Shock pressure data from Staffier et al. (1986) and Staffier (2000) except 
for SaU, LA, and DF (this paper; Table I); age data from Tables II, III, and IV (see references 
there). Pmax and Pmel! 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 SaU005 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 ai., 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 
ALH84001 from old (Noachian) terrain 15.0 ± 0.8 Myr ago, is clearly identified. 
ALH84001 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 '"'-' 1-1 0 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 (199Sa). 

The shergottites present the greastest puzzle. Taken at face value, the CRE 
ages indicate 4 ejection events within S 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, ALH7700S, has a similar ejection age of 3.06 ± 0.20 Myr. 
The ejection ages of two other lherzolites (3.94 ± 0040 Myr for LEW88S16 and 
4.70 ± O.SO Myr for Y79360S), 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 81 Kr ages yet exist. Fur­
ther, ALH7700S and LEW88S16 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 LEW88S16 and 
Y79360S are due to an exposure to cosmic rays prior to ejection from Mars (Nagao 
et ai., 1997). Nishiizumi and Caffee (1997) also concluded that for Y79360S 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 LEW88S16 that most of its 
cosmic-ray exposure probably occurred as an individual meteoroid. Furthermore, 
the cosmogenic 22Nep i Ne ratios are 1.227 ± O.03S for LEW88Sl6 (Eugster et ai., 
1997a) and 1.207 ± 0.020 for Y79360S (Terribilini et al., 1998), indicating irra­
diation as small bodies for the total duration of exposure. A complicated exposure 
history beginning with excavation of LEW88S16 and Y79360S, 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 Y79360S 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 Y79360S 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±S Myr and 178±8 Myr, respectively, for ALH7700S and LEW88S16 
(Table III), raise the possibility that all the lherzolites were ejected simultaneously 
with ALH7700S, Shergotty, Zagami, and Los Angeles, even though the "ejection 
ages" of LEW88S16 and Y79360S 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 ofEET79001 has some ambiguity. Most CRE 
ages for EET79001 have been determined for lithology A, leading to a preferred 
value Tpref = 0.60 ± 0.09 Myr (Table IV). This value, when combined with the 
averaged terrestrial age of 0.13±0.12 Myr, yields rej = 0.73 ± 0.15 Myr (Table IV). 
A significantly higher value of 1.22 ± 0.24 Myr would be obtained, however, by 
combining the lOBe_21 Ne CRE age of 0.90 ± 0.17 Myr for EET79001 lithology B 
(Pal et aI., 1986) with the terrestrial age of 0.32±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 et al., 1997b). Fig­
ures 7a and 8 show the following events: Soho (Dhofar019 shergottite), 0 (orthopy­
roxenite), NC (nakhlites and Chassigny), SL (lherzolitic shergottites, especially 
LEW88516 and Y793605), S (traditional basaltic shergottites), ~aG (DaG476/489 
and SaU005), and SE (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, SQ, 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 et 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: 0, NC, and S (Nyquist et 
al., 1998). An additional two events ~, and SDaG, 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 SaU005 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: 0, NC, Sl, and S2, 
where subscripts 1 and 2 separate the '"'-' 175 Myr shergottites from '"'-'300 - 500 Myr 
shergottites. Subgroup ~ may be further sub-divided into as many as three. The 
'"'-'3 Myr exposure age for QUE94201 perhaps should exclude it from ~. Also, 
SaU 005 is almost certainly paired with DaG476/489 on the basis oftheir 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 Iherzolitic 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 '"'-' 16 km2 
(Keszthelyi et al., 2000), '"'-'7% of the total area of Mars, or '"'-'12% of the volcanic 
surface area (Tanaka et al., 1992). The previously recognized Late Amazonian 
volcanic surface was only '"'-'3.3 x las km2 (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
ios 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 '"'-' lO7 km2 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 lO6 km2 total volcanic surface area of Mars (Tanaka et 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; c) more high resolution imagery ofthe 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 aI., 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 :s 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 10---3 to 10-2 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 (ef 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. 
c) 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 aI., 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 1010. 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 I cP fragments of mean diameter 
"'-'0.9 m and shock pressure < 1 GPa for a 30 km diameter crater, and "'-'2.0 x 1 (jl 
fragments of mean diameter "'-'3 m and shock pressure < I 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 (ef 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 10-4 L, where L is the impactor diameter. Since this scales as ~j2/3, 
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where Vej is the ejection velocity, we expect lMars/ lMoon "-' 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, "-' 1 00 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, T (Myr), against 
collision in the main belt as T "-' 1.2r1/ 2 for meteoroids of radius r (cm). Thus, for 
r = 150 cm, T 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 mat "-'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 lMars/ lMoon "-' 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. Stbffter et 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 kmls 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 kmls 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, r p' 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 p = 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 p :::: 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 kmls 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 

[ 2]-1/2 Vej ~ 2Vp(r) 1 + (sjd) (1) 

which reproduces Equation 5.5.3 of Melosh (1989). Here, "P(r) is the particle ve­
locity in the compressive shock at a distance r = (? + d 2 ) 1/2 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 

(2) 

Here, U is the velocity of an impactor of mean radius a, and 4 "-' 1 is a "coupling 
constant." The equivalent depth of burst is given approximately by 

d ~ 2a (ppj PI) (3) 

Here, pp and PI 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 kmls for the Martian meteorites, as mentioned 
earlier. Equation (1) can only lead to ejection velocities in excess of 5.0 kmls 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 (cJ, Melosh, 1984, 1989). Let the peak 
shock pressure in the compressive wave be Pew, that in the rarefaction wave Prw , 

and the resultant pressure in the zone of interference be Pres. Because the com­
pressive wave arrives first at a given point in the target, Pres rises from zero as the 
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compressive wave approaches, attains a maximum value, Pmax < Pew as the tensile 
wave arrives, falls to a value ?ten, 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 (cJ, Melosh, 1985, Figure 3). The empirical particle 
velocities corresponding to peak shock pressures registered in the meteorites are 
those corresponding to Pres, whereas the particle velocity Vp in Equation (1) cor­
responds to Pew 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 PtU2• For a typical impact velocity U = 15 km/s and target density 
Pt = 3.3 g/cm3, peak shock pressures of 15 GPa .:::: Pmax .:::: 45 GPa for Martian 
meteorites give "-'0.2 .:::: (Pmax/PtU2) .:::: 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 .:::: eVe/U) 
.:::: 0.5, i.e., 3.5 km/s .:::: Vej .:::: 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 
"-' 1 00 - 300 m. Such impactors would produce final craters "-' 13 km in diameter 
(Mileikowskyet ai., 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 mej of material ejected at velocities greater than 
Vej and shocked to pressures less than Pmax is 

mej/m = 1.2 (Pmax/PtCLU) [1- (2Vej/U) 1/3] (4) 

where m is the projectile mass, and Lt is the seismic wave velocity of the tar­
get. The other quantities are as previously defined. For Q = 6 km/s, Pmax = 
15 GPa, and other quantities as above, this equation predicts ITIej/m = 0.08. 
Likewise, mej/m = 0.23 is predicted for Pmax = 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 Pmax 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 Pew and particle velocity Vp 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 r and the smallest value of Yp 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 Res 
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 2p in Equation (3) of Melosh (1985). 
Warren (1994) estimates the ratio of 2p to projectile radius rp as Zplrp "'-'0.2 - 0.4, 
and zp "'-'50 - 100 m for a "'-' 10 km diameter crater produced by an impactor of 
radius rp "'-'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 ai., 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 StOffler 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. 
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a 

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 MOO-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/km2 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 et ai., 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 
(Opik, 1965, 1966; Hartmann, 1966a, Hartmann, 1971; Chapman et at., 1969; 
Jones, 1974; Soderblom et at., 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 aZ., 1981). Several other early chronological studies 
of the 1970s (Soderblom et aZ., 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 aI., 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 at., 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 aZ., 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 ai., 
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 et at., 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 et at., 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 at., 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 ai., 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 aZ. (1981) and Lissauer et aZ. (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 Rcrater 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 Rbolide Value 

Hartmann (1977) and Hartmann et al. (1981) stressed that the modern-day ratio 
of Mars/moon cratering (expressed in terms of bolides/km2-yr, which is convert­
ible to craterslkm2-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 

Rbolide = [bolides/km2-yr on Mars]/[bolides/km2-yr on the moon] (1) 

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 

Rcrater = [craters/km2-yr on Mars]/[craters/km2-yr on the moon]. (2) 
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Neukum and Ivanov (1994) and, more explicitly, Ivanov (2001) show that Rcrater 

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 Rbolide. 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 Rbolide is primarily based on asteroids. From tabulations of known 
Mars- and Earth-crossing asteroids, Ivanov (2001) derived Rbolide = 2.0, and Bot­
tke (personal communication, 1999) also derives R bolide = 2.0 from dynamical 
studies of asteroid feeding mechanism. 

The treatment by Ivanov (2001) is currently the best available summary of Rcrater 

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 125 m < D < 1 km and at 22 km < 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 
a range 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 
I-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 turndown 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 Rcrater (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 "Roo-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 ai. (2001) that the shape of the 
isochrons, i.e. the production function, has been constant through time, though 
Strom et ai. (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 StOffter 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 ai., 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 

[Crater density on 3000 Myr surface]/[Crater density on surface of age T] 

Neukum time dependence 

0.68 

0.54 

0.38 

Constant cratering since T 

0.88 

0.86 

0.83 
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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 IvanovlHartmannlNeukum 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 et ai., 1998; Swindle et aZ., 2000; Sawyer et ai., 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 et aZ. (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 flowage in the central caldera of about 200-400 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 (top) and the caldera 
floor (bottom) show overlapping young lava flows. (Lat. 8.7 S, long. 120.8 W, MGSAB 1-03308). 
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. 5.5 N, long. 214.3 W, MGS M03-03779). 
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 flowages 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 ;:::1 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. 

c) 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 etal., 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 m to 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?), 
lO-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 7 a 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 
SPO 1-411 05 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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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 l-(J 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-(J 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. La!. 20.0 N, 
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 et al., 1998; Keszthelyi 
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ing site. Lat. 22.5 N, long. 48 .0, MGS SPI-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 at. (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 Ian 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 accumulating 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 aZ. (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 tum 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 1110 as 
old as the oldest big crater. If we assume constant crater production, we would see 
only lila 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 infilllobliteration 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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(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 D ;:::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 aZ., 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 AmazonianiHesperian/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 km2 . 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 1) 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 > I km (plus our rediscussion of 
the definition of Lower Amazonian), and Ivanov's (200 I) 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 Rbolide = 2.0. Model ages younger than ~ 3.0 Gyr are proportional 
to 11 Rcrater (which is roughly proportional to 11 Rbolide) 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.S - 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 aI., 2001, Equation S). We find the following results. 

1. The entire Noachian Period lies before 3.S to 3.7 Gyr ago according to both 
sets of isochrons. This appears to be a fairly robust result. Note that Staffter 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(l) crater densities 
higher than "-'O.OOS 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 Rbolide 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 Rbolide could con­
ceivably increase the uncertainty range to '" 1 - 3 Gyr. Further reconciliation 
of the Hand 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 Rbolide 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 (km2/yr) as a function of time. Regardless 
of whether the Neukum or Hartmann isochrons are used, the total resurfacing rates 
(km2/yr) by volcanic, fluvial, periglacial, and cratering processes were all much 
greater in the Noachian and Hesperian before about 3 Gyr ago (Figures ISc-f). 
The data suggest that eolian resurfacing has continued at a more nearly constant 
rate. Tanaka et af. (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 
ISc-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 ISa 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 NeukumlIvanov (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 modem 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 
ALH84001. 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 Myr, 
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 KID ~ 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 SilMg ratio of the silicate portion of the Earth. The lower density of Mars is consistent 
with this interpretation, as are isotopic data. 87Rb_87Sr, 129I_129Xe, 146Sm_142Nd, 182Hf_182W, 
187Re_187 Os, 235U_207Pb and 238U_206Pb 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 244pu 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 92Nb decay to 
92Zr, consistent with the paucity of perovskite in the martian interior and its probable absence from 
any Martian magma ocean. Similarly the longer-lived 176LuJ 76Hf 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. 

Space Science Reviews 96: 197-230,2001. 
© 2001 Kluwer Academic Publishers. 
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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 ofthe 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 ai., 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 0 (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 et ai., 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 ai., 
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 ofthe 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 ai., 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 et ai., 
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 et ai., 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 ai., 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 Wanke (1984, 1985) based on data for 
SNC meteorites. There are several important papers that summarize and discuss 
the composition of Martian meteorites (Wanke, 1981; Dreibus and Wanke, 1985, 
1987; Treiman et ai., 1986, 1987; Wanke 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 ai., 1997). The meteorites may not even 
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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 aI., 
1993). There is little evidence for large-scale convective overturn on Mars (Breuer 
et aI., 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% for 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 C 1 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 Cl abundance, or, normalized to Cl and Si, MnO = 1.00. Comparing the 
FeOIMnO ratio of 39.5 ± 1.2 with the Cl FeOIMnO 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, Si02, Ah03, and CaO, for which CI abundances in the Martian mantle 
can be assumed. As seen from Figure 2, chromium follows Mg in all Martian 
meteorites with a C 1 CrIMg 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 Cl- and Si-normalized Mg abundance of 1.00, 
we find also that the normalized Cr abundance is 1.00 in the Martian mantle. So 
MniCr ratios were not fractionated by core formation on Mars. 
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Figure 3. K versus La. Assuming a CI 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 Cl 
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 
KlRb ratio of 289 ± 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, LulHf 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 LulHf 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 et aI., 1986; Yi et al., 2000), ocean island basalts (open circles; Hofmann et aI., 1986; 
Halliday et aI., 1996, and references therein; Yi et aI., 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 
element abundances. 

Other lithophile trace elements: Using a number of element correlations found 
for the shergottites, together with other constraints from studying Martian mete­
orites, Wanke and Dreibus (1988) estimated the abundance of F, CI, Br, I, Na, P, 
Co, Zn, Ga, Mo, In, Tl, and W. For all refractory trace lithophile major and trace 
elements they assumed Cl abundance values, including the radioelements U and 
Th. For the majority of elements the values from Dreibus and Wanke (1985, 1987) 
agree well with those from Treiman et al. (1986), who used a similar approach. 
However, the latter authors use for U, Th and AI, Ti the ratios observed in Martian 
meteorites, which differ by up to a factor of 2 from the C 1 values. Later Longhi 
et al. (1992) adopted the Mainz model (Wanke 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 UlLa and AIlTi ratios in 
shergottites with a multi-stage petrogenetic history. 
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diagram, assuming a C 1 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 mantle 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 chondri tic materials has been excluded (Birck and 
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samples of the solar system (from Birck and Allegre, 1994). Os abundances refer to non radiogenic 
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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 
as. Mars is more oxidised in its interior (Wanke and Dreibus, 1988) which results 
in higher partitioning of Re into the melt phase. 

Water: Dreibus and Wanke (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 et aI., 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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TABLE I 

Major and selected minor and trace elements in the mantles of Earth and Mars. 

Element I Earth 1 I Mars2 I Mars 3 II Element I Earth 1 I Mars2 I Mars 3 

MgO [0/0] 36.9 30.2 1.00 Br [ppb] 45.6 145 0.029 
AI203 4.19 3.02 1.00 I 13.3 32 0.029 
Si02 46.0 44.0 1.00 Co [ppm] 105 68 0.070 
CaO 3.54 2.45 1.00 Ni 2110 400 0.019 
Ti02 0.23 0.14 1.00 Cu 28 5.5 0.027 
FeO 7.58 17.9 0.39 Zn 48 62 0.099 
Na20 0.39 0.50 0.38 Ga 3.8 6.6 0.37 
P20S 0.Dl5 0.16 0.36 Mo [ppb] 18 118 0.066 
Cr203 0.44 0.76 1.00 In - 14 0.090 
MnO 0.13 0.46 1.00 La [ppm] 0.52 0.48 1.00 
K [ppm] 231 305 0.30 TI [ppb] - 3.6 0.013 
Rb 0.74 1.06 0.26 W 24 105 0.6 
Cs 0.01 0.07 0.20 Th - 56 1.00 
F 19.4 32 0.31 U 21 16 1.00 

CI 11.8 38 0.029 

1 Wanke et at. (1984); 2 Wanke and Dreibus (1988); 3 ReI. to Si and CI 
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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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mantle presumably for the same reason. Contrary to the terrestrial situation, Mn 
and Cr are not at all depleted in the Martian mantle; the MniCr 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 (Wanke, 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 (Wanke 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 aI., 
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 % (Wanke 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 (Wanke 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 et 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 Wanke (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 

Wanke 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, Wanke (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 
Cl abundances. Iron and all siderophile and lithophile elements are present mainly 
as oxides. 

Wanke (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 cha1cophile 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 cha1cophile affinities, yet higher abundances of siderophile 
elements (W, Cr, Mn) that have weak cha1cophile 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 aI., 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 % chondri tic 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; Wanke, 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 cha1cophile 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 + H20 -+ FeO + H2 would be dissolved in the core or lost by 
hydrodynamic escape (Hunten et aI., 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 Wanke, 1992). 

6. Oxygen Isotopic Evidence for the Components that Formed Mars 

The isotopic compositions of several light elements (H, C, N, 0, 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 et al. (1999); the Earth samples are mafic igneous 
whole-rocks from Robert et 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 Wanke-Ringwood 
mixing models (Clayton and Mayeda, 1996). 

If the planetesimal building blocks were constituted from the same range of ma­
terials now represented by chondri tic meteorites, it might be possible to relate the 
differences in bulk chemical composition between Earth and Mars to the propor­
tions of chondri tic precursors. As outlined above, Wanke 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. 26Mg iso­
topic effects related to the decay of 26 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 ai., 1977, 1998; Hinton and Bischoff, 1984; Hinton et ai., 1988; 
Zinner and Gapel, 1992; Russell et ai., 1996; Galy et ai., 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 53Mn (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 53Cr / 52Cr ratios, whether they represent separated 
minerals or bulk rocks, are different from the terrestrial composition and display an 
excess of 53Cr of 0.23E. 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 53Mn 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 the53Mn-53Cr 
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 53Mn atomic abundance in the early solar system with 
an increase of the 53Mn I 55Mn 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 53Mn, which is short when compared to 
the current accretion times discussed above. The 53Mn 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 at., 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 53Mn I 55Mn 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 MniCr 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 MniCr (Halliday et al., 1996; Cassen 
and Woolum, 1997; Birck et al., 1999). Assuming that the solar nebula started with 
homogeneous 53Mn/55Mn, 53Cr/52Cr and chondri tic MniCr ratio, the bulk solar 
system should display an evolution similar to that of C 1 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 53Mn which cannot exceed 20 Myr. In the model of Halliday et 
at. (1996) it was assumed that the 53Mn 155Mn at the start of the Solar System 
was that defined by an Allende CAl (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 at. (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 MnlCr. This model implies that the 
materials constituting the Earth (the planetesimals) are separated from the solar 
nebula with a depleted MnlCr, no later than 2.2 Myr after the formation of C 1 
carbonaceous chondrites. Similarly for Mars the isolation of materials with lower 
than solar MnlCr occurs 3 Myr after the Earth. Although this model is inconsistent 
with chemical models for Mars that imply a chondritic MnlCr ratio for this planet 
(Wanke and Dreibus, 1988) it is in good agreement with a number of other isotopic 
chronometers for the development of solar system bodies (Birck et at., 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 MnlCr 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., 
Toksoz 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 > 109 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 at., 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 at., 
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 Wanke, 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 26AI (T1/2 = 0.73 X 106 yrs) or 
53Mn (T1/2 = 3.7 X 106 yrs). Several such chronometers have provided evidence 
of very early heterogeneity preserved within Mars. These include 182Hf (T1/2 = 
9 X 106 yrs), 1291 (T1/2 = 16 X 106 yrs), 244pu (T1/2 = 82 X 106 yrs) and 146Sm 
(T1/2 = 103 X 106 yrs). However, even the longer lived chronometers 235U (T1/2 = 
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7.04 X 108 yrs), 238U (T1/2 = 4.47 X 109 yrs), and 87Rb (T1/2 = 4.88 X 1010 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 
at., 1995; Jakosky and Jones, 1997; Swindle and Jones, 1997; Bogard and Garri­
son, 1998; Gilmour et at., 1998; Matthew and Marti, 2001). The history of these 
different reservoirs is a matter of some uncertainty. Martian atmospheric Xe is 
more enriched in 129Xe 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 40 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 129Xe into the atmosphere. There are further 
complications with trying to define the 244pU fission xenon component given that 
mass fractionation by hydrodynamic escape (Hunten et at., 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 244pU 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 et ai., 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 UlPb fractionation was early. It is commonly assumed that the major 
fractionation of UlPb 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 ai., 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 at. (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/ 204Pb of basaltic Martian meteorites we can 
determine the Ce/ 204Pb and hence the degree ofPb depletion ofthe 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 / 204 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, RblBa 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}W4Pb as a function of 
the Rb/Sr of chondrite classes we can conclude that the bulk Mars should have 
Ce / 204Pb 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 (j! yrs. 

9. Hafnium - Thngsten 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 182Hf_182W chronome­
ter. The former decay of 182Hf to 182W (Tl/2 = 9 Myr) has resulted in variations in 
W isotope composition that reflect early solar system time integrated HfIW 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 182Hf atomic abundance at the start of the 
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solar system was higher than hitherto realized. Fourth, Hf and Ware strongly 
fractionated by the early processes of melting and core formation. 

Harper et ai. (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 182W 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 ai., 1998). 

If 182Hf is sufficiently abundant then minerals, rocks and reservoirs with higher 
HfIW ratio will develop W that is significantly more radiogenic (higher182W/184W 
or E W) compared with the initial W isotopic composition of the solar system. 
Conversely metals with low HfIW that segregate at an early stage from bodies with 
chondritic HfIW (most early planets and planetesimals) will sample unradiogenic 
W, as found. Early segregated metals are deficient by roughly 3 to 4 EW units 
(300-400 ppm) relative to the silicate Earth. The only known explanation for this 
difference is that these metals sampled early solar system W before live 182Hf 
had decayed. A similar picture emerges from the study of achondrites. Eucrites 
represent samples of the silicate (high HfIW) portion of a body that differentiated 
early. They yield a range of W isotopic compositions from near chondri tic to very 
radiogenic (Lee and Halliday, 1997; Quitte et at., 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 HfIW of the material that formed the Earth and its reservoirs during 
the lifetime of 182Hf. The HfIW ratio of the silicate Earth is determined to lie in 
the range 10 - 40 (Newsom et at., 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 HfIW 
because of core formation, it has a chondri tic 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, chondri tic compositions with respect to Hf-W 
is more in accord with the chondritic W isotopic composition of the BSE. Most 
early-formed low HfIW metal and high HfIW 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 chondri tic (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 182Hf became extinct. Therefore, the W isotopic variations 
have nothing to do with the measured HfIW. The HfIW 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 HflW 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 aI., 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, Wand Os Isotope Geochemistry 

The W isotope data display a very significant relationship with 146Sm_142Nd data 
(Harper et ai., 1995) for the same SNC meteorites (Lee and Halliday, 1997; Fig­
ure lla). Those with radiogenic Nd, reflecting time-integrated depletion in light 
rare earths and other incompatible elements, are also characterized by radiogenic 
W (Figure 1Ia). 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 et aI., 1986, 1996) 
and (metallic) core formation (Rammensee and Wanke, 1977; Figure 12). In con­
trast only silicate melting can produce a significant fractionation of SmlNd. 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 Wand Nd isotopic 
data the two parent I daughter element ratios must have fractionated together at an 
extremely early stage, but was metal segregation involved? 

HflW and SmlNd 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 et aI., 1986) leading to a very 
large fractionation in HflW. In Figure 12 we show the data for MORB and OlB 
from Newsom et al. (1986) as f(HflW) vs. f(SmlNd), where f is the ratio nor-
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Figure 12. Fractionation of Sm/Nd and Hf IW are correlated in silicate melting and this could be the 
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Figure J 3. Systematics of the relationship between the fractionation of Hf/W relative to SmlNd, and 
the timing of fractionation implied by the slope of the data shown in Figure 11. 

malized to a primitive mantle with chondri tic SmlNd but HfIW that is 15 times 
chondritic because of core formation. It can be seen that the data define a strong 
positive correlation between HfIW and SmlNd. 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 chondri tic 
SmlNd and HfIW. 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 SmlNd and HfIW 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 with the compositions of the meteorites (Figure 11 b). These are 
all approximately the same (1.19-1.65). The time required to generate a slope of 
about 1.5 is shown in Figure 13, where it is plotted as a function of the parameter 
F =[f(HfIW)]I[f(SmlNd)]. The isotopic evolution depends on the SmlNd as well 
as the HfIW ratio. To construct the curve shown in Figure 13 we have assumed that 
f(SmlNd) is 1.3, similar to that found in ALH84001. This is not a unique solution. 
However, given that F is <6 in all Martian meteorites the data are consistent with 
large-scale melting of Mars within the first "-' 15 Myr of the Solar System. 

So in principle the Nd and W isotopic data could be interpreted in terms of 
early silicate melt fractionation of Sm/Nd and HfIW with no direct relationship 
to core formation. However, there are several lines of evidence that this is not the 
case. First, it is striking that some of the data are close to chondri tic, implying no 
fractionation of HfIW and SmlNd. The combined Nd and W data are collinear with 
both the present day chondritic compositions and the initial compositions for the 
solar system. If the Martian meteorite data really reflect varying degrees of deple-
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tion of a chondritic body up to 15 Myr after the start of the solar system the strong 
correlation is surprising given the strong possible fractionation of HfIW relative 
to SmlNd. Explaining the combined near-chondritic compositions of both systems 
becomes a problem. One alternative explanation is that the Martian meteorite data 
reflect a basic heterogeneity in the material that accreted to form Mars. However, 
there is no evidence to support this. 

Clearly in more recent times W has behaved as a lithophile trace element on 
Mars, as on Earth, and is fractionated from Hf purely by silicate melting. However, 
even in the early history of Mars there was not much W depletion from core 
formation. So was it significant at all? The only way to evaluate this is with the 
Ba/W ratios of Martian meteorites because the Ba and W should have about the 
same bulk distribution coefficients (Newsom et ai., 1986). The Ba/W ratios of 
chondrites are about 25, whereas all SNC meteorites have Ba/W between 35 and 
95 with an average of roughly 50. So these data provide clear evidence in support 
of a depletion in W of a factor of "'-'2 (Wanke and Dreibus, 1988; Figure 8). 

If the core formation that brought about this W depletion on Mars were later 
than the silicate melt depletion responsible for the high Sm/Nd, the presence of 
a metal phase in the Martian mantle would have buffered W concentrations. This 
would have resulted in an inverse correlation between Sm/Nd and HfIW in the melt­
ing products. The positive correlation between Nd and W isotopic compositions is 
inconsistent with this model. 

If the core formed before the silicate melt depletion responsible for the high 
SmlNd, the enhanced HfIW ratio of the silicate Mars would have driven the W 
isotopic composition to greater than chondritic values while the Martian mantle 
maintained chondri tic Sm/Nd and Nd isotopic composition. Although the mete­
orites with chondritic Nd isotopic compositions also have near chondri tic W iso­
topic compositions, there is a hint that the W isotopic compositions may be offset 
to slightly radiogenic figures (Figure lla). This would be consistent with metal 
segregation starting before large-scale melting. 

If different portions of the Martian mantle lost different amounts of W to core 
forming metallic liquids, this might be preserved in both the W isotopic composi­
tions and the Ba/W ratios. The variations in Ba/W amongst Martian meteorites are 
in fact large (Figure 14). Clearly the meteorites with high Ba/W all have radiogenic 
W. Conversely, the samples with chondri tic W all have low Ba/W. Perhaps there 
are processes other than early source metal segregation that have resulted in the 
fractionated Ba/W found in these samples. Certainly the data do not define a clear 
linear trend. However, the relationships raise the question of whether these samples 
of the Martian mantle preserve ancient chemical as well as isotopic heterogeneities 
that are residual from the process of core formation, and furthermore, provide 
strong support for the view that the W isotope data do not just reflect the effects of 
early silicate melting. 

All the 142Nd/144Nd and 182W/184W isotopic compositions measured thus far 
have been chondritic or radiogenic implying varying degrees of melt and metal de-
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Figure 14. Relationship between W isotopic composition and Ba/W in Martian meteorites. 

pletion of a chondritic parent (Figure 11). Therefore the source regions of the Mar­
tian meteorite parent magmas appear to have suffered early depletion from melting 
and core formation but yield no sign of the corresponding enriched reservoirs with 
low HfIW and SmlNd that would have generated unradiogenic 142Nd/144Nd and 
182W/184W. This would be consistent with the outer portions of Mars representing a 
depleted residue or floating cumulate layer from which early melts and metals seg­
regated inward toward the center of the planet (Lee and Halliday, 1997). However, 
the existing dataset is based on a very small population of samples. 

Recently, Brandon et at. (2000) have produced Os isotopic data for Martian 
meteorites and these display a very pronounced correlation with the142Nd and 182W 
anomalies. The Martian mantle has clearly been heterogeneous in Re/Os for at 
least 2.5 Gyr with both suprachondritic (Zagami, ALH-77005) and sub-chondritic 
Re/Os regions (Nakhla, Chassigny). Despite the long-lived nature of 187Re decay, 
the Os isotope systematics appear to record very early fractionation of Re from Os 
as may have occurred during segregation of metallic and S-bearing liquids during 
core formation in a magma ocean environment. The correlation of the initial Os 
isotopic composition in the source region of the samples with 142Nd/144Nd and 
182W/184W indicates that Re/Os fractionation occurred very early when the two 
short-lived isotopes 146Sm and 182Hf were still alive. The fractionation appears to 
have involved melt extraction for one group and melt addition for the other. 

Although this heterogeneity has not been erased other short- and long-lived 
lithophile systems show no early isotopic heterogeneity. Most notably Zr isotopic 
effects resulting from decay of 92Nb to 92Zr (half-life = 36 Myr) are absent within 
uncertainties (Sanloup et at., 2000). This indicates that the high field strength 
elements were not fractionated in the early stages of the development of Mars, 
unless the effects were subsequently re-homogenized. Nb/Zr ratios are not strongly 
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fractionated during shallow mantle melting so this is not too surprising. However, 
there are significant poorly understood fractionations in Nb/Zr among Martian me­
teorites (Figure 4) and major fractionations would be expected in an early magma 
ocean environment if perovskite was a liquidus phase (Kato et aI., 1988; Miinker et 
aI., 2000). The absence of Zr isotopic anomalies in Martian meteorites is entirely 
consistent with the fact that perovskite is unlikely in a Martian magma ocean given 
the depth to the core I mantle boundary. It is also possible that Zr isotopes were 
subsequently selectively re-homogenized without affecting Nd and W. The latter 
seems unlikely, although the strange trace element fractionations in Nb and Zr 
(Figure 4) might relate to such a process. Furthermore, the long lived systems 
147Sm_143Nd and 176Lu_176Hf show less of a clear record of an early differentiation 
history (Blichert-Toft et aZ., 1999) and this would be consistent with some pro­
cess of selective re-equilibration during the geochemical evolution of the Martian 
mantle. 

Finally the Mars isotopic data can be compared with isotopic constraints for the 
accretion of the Earth. A body the size of Mars (l/gh Earth mass) would form 
in about 10 Myr with the absolute accretionary rates considered for the Earth 
(Halliday, 2000a, b). This is consistent with the above evidence from Wand Nd 
data for the rate of accretion of Mars. So the two planets could have grown at 
the same rates. The isotopic evidence is certainly insufficient to rule this out. The 
striking difference between Mars and the Earth is probably not the accretion rate 
but that Mars did not experience such a devastating protracted history of late giant 
impacts as those that produced the Earth's Moon. This may be because the growth 
of Jupiter perturbed the trajectories for late accretion in the outer portions of the 
inner solar system (Wetherill, 1994b). 
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Abstract. The evolution of Mars is discussed using results from the recent Mars Global Surveyor 
(MGS) and Mars Pathfinder missions together with results from mantle convection and thermal 
history models and the chemistry of Martian meteorites. The new MGS topography and gravity data 
and the data on the rotation of Mars from Mars Pathfinder constrain models of the present interior 
structure and allow estimates of present crust thickness and thickness variations. The data also allow 
estimates of lithosphere thickness variation and heat flow assuming that the base of the lithosphere 
is an isotherm. Although the interpretation is not unambiguous, it can be concluded that Mars has a 
substantial crust. It may be about 50 km thick on average with thickness variations of another ±50 
km. Alternatively, the crust may be substantially thicker with smaller thickness variations. The former 
estimate of crust thickness can be shown to be in agreement with estimates of volcanic production 
rates from geologic mapping using data from the camera on MGS and previous missions. According 
to these estimates most of the crust was produced in the Noachian, roughly the first Gyr of evolution. 
A substantial part of the lava generated during this time apparently poured onto the surface to produce 
the Tharsis bulge, the largest tectonic unit in the solar system and the major volcanic center of Mars. 
Models of crust growth that couple crust growth to mantle convection and thermal evolution are 
consistent with an early 1 Gyr long phase of vigorous volcanic activity. The simplest explanation 
for the remnant magnetization of crustal units of mostly the southern hemisphere calls for an active 
dynamo in the Noachian, again consistent with thermal history calculations that predict the core 
to become stably stratified after some hundred Myr of convective cooling and dynamo action. The 
isotope record of the Martian meteorites suggest that the core formed early and rapidly within a 
few tens of Myr. These data also suggest that the silicate rock component of the planet was partially 
molten during that time. The isotope data suggest that heterogeneity resulted from core formation and 
early differentiation and persisted to the recent past. This is often taken as evidence against vigorous 
mantle convection and early plate tectonics on Mars although the latter assumption can most easily 
explain the early magnetic field. The physics of mantle convection suggests that there may be a few 
hundred km thick stagnant, near surface layer in the mantle that would have formed rapidly and may 
have provided the reservoirs required to explain the isotope data. The relation between the planform 
of mantle convection and the tectonic features on the surface is difficult to entangle. Models call for 
long wavelength forms of flow and possibly a few strong plumes in the very early evolution. These 
plumes may have dissolved with time as the core cooled and may have died off by the end of the 
Noachian. 

Space Science Reviews 96: 231-262, 2001. 
© 2001 Kluwer Academic Publishers. 
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1. Introduction 

Like that of any other planet, the evolution of Mars is to a large extent deter­
mined by its interior structure and composition and by its material properties. A 
significant part of these quantities can be measured applying geophysical meth­
ods at the planet, in orbit or in situ. Moreover, model calculations and laboratory 
measurements are instrumental. 

Mars is among the best explored planets, second only to the Earth and Moon, 
thanks to the number of missions to the planet and thanks to the significant interest 
it has attracted, not the least because of its similarity in various respects with the 
Earth. Among the most important recent accomplishments in terms of planetary 
physics (borrowing to some extent from cosmochemistry) are the 

accurate measurement of the topography through laser ranging by Mars Global 
Surveyor (MGS) (Smith et ai., 1999a). 
measurement and mapping of the gravity field through two-way Doppler track­
ing of the MGS spacecraft (Smith et ai., 1999b). 
determination of the precession rate of the rotational axis by Mars Pathfinder 
(Folkner et ai., 1997). 
detection and measurement of remnant magnetisation in the southern hemi­
sphere (Acuna et ai., 1998). 
identification of young lava flows « 100 Myr) in Mars Observer Camera 
(MOC) images (Hartmann et ai., 1999). 
in situ measurement of the composition of Martian rock and soil by Mars 
Pathfinder and detection of rock that is similar in composition to terrestrial 
andesites (Rieder et ai., 1997). 
detection and mapping of two crustal rock types, basaltic and andesitic, on the 
surface by MGS (Bandfield et ai., 2000). 

The first three items above constrain interior structure. From the first two, models of 
crust and lithosphere thickness were derived (Zuber et ai., 2000). The third allowed 
an accurate measurement of the moment-of-inertia factor (Mol-factor) which, to­
gether with the mass of the planet is the most important geophysical piece of data 
to constrain global models of interior structure. The Mol-factor is defined as the 
dimensionless ratio between the moment of inertia of the planet about the rotation 
axis divided by the mass and the square of the planet radius. 

The last four discoveries listed above constrain models of the evolution of the 
planet: The remnant magnetization of the southern hemisphere crust strongly sug­
gests that the planet once had a self-sustained magnetic field which it is lacking 
at the present time. Crustal units devoid of magnetization must have formed when 
the dynamo was not active. The detection of young lava flows ofless than 100 Myr 
of age suggests that the planet has been volcanically active up to the recent past. 
This observation ties in nicely with the young crystallization ages of the Shergottite 
meteorites from Mars (Nyquist et ai., 2001; Halliday et ai., 2001). The detection 
of two chemical components in Martian rock, one basaltic like the composition 
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of the Martian meteorites and one more silica rich (Wanke et al., 2001), constrains 
models of the mantle and its differentiation history. Apparently, differentiation may 
have employed cmst recycling and remelting. Thermal Emission Spectrometer 
TES data from the MGS mission (Bandfield et al., 2000) suggest that there is a 
dichotomy in the composition of the surface rock with the northern hemisphere 
being largely composed of the silica rich (or andesitic) component and the south­
ern hemisphere dark regions largely basaltic. This observation indicates a striking 
albeit yet little understood difference in evolution between the two hemispheres 
that goes wen beyond their difference in age (Hartmann and Neukum, 200 I). 

The geologic features of the planet can be briefly characterized as such: Mars 
is a one-plate planet, lacking any sign of present-day plate tectonics. Rather, its 
deep interior is likely covered by a one-plate lithosphere which in places is pierced 
by volcanic vents that may sample the sublithosphere layers. The most prominent 
topographic features of the srnface (Figure 2 of Hmtmann et ai., 2001) are the 
dichotomy between the northern mld the southern hemispheres, the Tharsis bulge 
and the Hellas impact basin. \\'bile the southern hemisphere is heavily cratered, 
the northern hemisphere is cratered to a much lesser extent and, therefore, younger. 
The Tharsis bulge, a gigantic volcanic mld tectonic region likely formed during the 
em'ly evolution of the planet and persisted and has been active unto the recent past. 
The formation of the Tharsis bulge and the volcanic activity associated with it is 
a major challenge for planetary modeling. The Hellas basin is the largest, deepest 
and most prominent impact basin on Mars. 

We begin this review by summarizing observational constraints on Mars evolu­
tion models and then we discuss the results of model calculations. These constraints 
are as presently understood for the volcanic and tectonic history, the crust and 
lithosphere thicknesses, the structure of the deep interior and the magnetic field. 
We conclude the article by pointing out major open questions that remain to be 
solved through further exploration of the planet including seismic exploration and 
modeling of its interior dynamics and evolution. 

2. Observational Constraints on Evolution Models 

2.1. TOPOGRAPHY AND GRAVITY 

The topography of Mars and its gravity field have recently been measured with 
much improved accuracy over previolls data by the MOLA and Radio Science 
teams on Mars Global Surveyor, (e.g., Smith et aI" 1999a, 199%, 2000; Zuber et 
al., 2000), The presently available new topography model has a spatial resolution 
of 11320 by 1/640 (~ 2 by 4 km) and an absolute accuracy of 13 m with respect to 
the center of mass, The gravity field measured by X-band Doppler tracking of the 
MGS spacecraft has a spatial resolution of about 178 km and an accuracy of ± 10 
mGal OO~5 m s~2) at the poles, ±20 mGal at the equator, and ±100 mGal over the 
TharsisMontes and Olympus Mons. 
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Figure 1. MGS (free air) gravity field from Smith et ai. (1999a) 

The topography of Mars exhibits a clear dichotomy which divides the surface 
into a southern highland hemisphere (about 60% of the surface) rising several 
thousands of meters above the zero level and a northern lowlands hemisphere 
well below the datum. The most prominent features besides the dichotomy are 
the Tharsis bulge and the Hellas impact basin (compare Figure 2 of Hartmann 
et aI., 2001). The Tharsis bulge is of enormous size covering the entire western 
hemisphere of the planet and rising 10 km above the datum. The topographic data 
reveal that Tharsis actually consists of two parts, a larger nearly circular feature 
that contains the Tharsis volcanoes in the south and an elongated rise in the north 
that contains Alba Patera. The southern rise extends onto the southern highlands 
while the northern rise is in the lowlands. The southern Tharsis province contains 
a scorpion-tail shaped ridge that is apparently considerably older, of Noachian age 
(see Section 2.3.1 below, for a brief definition of the Mattian stratographic time 
system), and has not been flooded by the Tharsis volcanic material. A significant 
part of the Martian topography can be correlated with a roughly 3 km center of 
mass - center of figure offset southward along the polar axis (Smith et aI., 2000). 
When the COM-COF offset is subtracted from the topography, the Tharsis province 
stands even further out (Smith et al., 1999a). In this representation, the topography 
shows a £=2 characteristics, a chain of highs and lows that circle Mars' equator. 

The (free air) gravity field (Figure 1) is generally rather smooth although it 
is rougher in the northern hemisphere than in the southern hemisphere. Peaks in 
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gravity at the Tharsis and Elysium volcanoes indicate that these are not compen­
sated, i.e. not in isostatic equilibrium. Major features of the (free air) gravity field 
include a broad complex shaped high over Tharsis and a similar high over Isidis. 
There is no clear association with the dichotomy boundary. The Valles Marineris 
canyon system is clearly visible on the gravity map as a chain of deep lows on the 
Eastern flank of Tharsis. Large impact basins such as Hellas and Syrtis Major are 
characterized by relative highs surrounded by rings of lows. 

The topography and gravity data from the MGS mission have been interpreted 
in terms of crust and elastic lithosphere thickness models (Zuber et aI., 2000). 
Moreover, the variation of the surface heat flow has been estimated from the litho­
sphere thickness map. Due to the inherent non-uniqueness in any interpretation of 
gravity data, these models rely on additional assumptions such as constant crust and 
mantle densities and average crustal thickness. Nevertheless, crust and lithosphere 
thickness estimates constrain models of cooling and thermo-chemical evolution. 

A rough estimate of crustal thickness variation and mean crust thickness can 
be derived from the simple assumption of Airy isostasy and the amplitudes of the 
topography variations. (Airy isostasy assumes that the crust is of homogeneous 
density and that, in eqUilibrium, any variations of topography are compensated 
by equivalent variations of crust thickness. Pratt isostasy, an alternative model, 
assumes that the topography is caused by lateral variations in crust density). In 
an Airy model the crustal thickness variation is simply (l-,Q/ Pm)-l times the 
amplitude of the topography variation where ,Q is the crust density and Pm the 
mantle density. Assuming 2900 kg m-3 for Pc and 3500 kg m-3 for the density of 
the mantle on which the crust is assumed to float, (l-,Q/ Pm)-l is about 6 and with 
a total variation of the topography of roughly 20 km a thickness variation of 120 
km is obtained. Assuming further that the crust thickness is approximately zero 
underneath the deepest regions (the large impact basins such as Hellas) and that 
the zero topography level is representative of the average crust, an average crustal 
thickness of about 50 km is calculated from the roughly 8 km depth of the Hellas 
Basin. This crust comprises about 4.4 % of the planet's volume. 

A more sophisticated approach (Wieczorek and Phillips, 1998; Zuber et aI., 
2000) uses the (Bouguer) gravity map to calculate crustal thickness variations un­
der the assumption of Airy isostasy. The model crust map of Zuber et al. (2000) is 
based on an assumed constant crustal density of 2900 kg m-3, a constant mantle 
density of 3500 kg m-3 and an assumed average crust thickness of 50 km. This 
yields a maximum thickness of the crust of 92 km underneath Syria Planum and a 
minimum thickness of 3 km beneath the Isidis basin. The model crust thickness is 
roughly constant underneath the northern lowlands and Arabia Terra at a thickness 
of 40 km and increases underneath the southern highlands towards the south pole to 
reach a thickness of "-70 km. The average crust thickness of 50 km is a minimum 
thickness, assuming that the crust covers the whole planet. A problem with the 
assumption of Airy isostasy is that in perfect equilibrium the (free air) gravity 
should be uncorrelated with topography, which in general is not the case on Mars. 
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Sohl and Spohn (1997) have derived average crustal thicknesses of more than 
100 km in their models of the global structure which are based on the Martian 
meteorite chemistry, the Mol-factor and the mass using the same crust and up­
per mantle average densities. (Note that the Zuber et al. and the Sohl and Spohn 
models differ in the constraints used.) Zuber et al. (2000) argue that a crust of 
this thickness could not sustain the inferred low order crustal thickness variations 
over the planet's history. Rather, crustal thickness variations would relax unless the 
viscosity of the lower crust were larger than 1022 Pa s. A crust of 50 km thickness 
could be maintained for more than 108 years if the viscosity of the lower crust was 
more than 1020 Pa s. While this argument is reasonable, it is not entirely convincing 
in supporting a 50 km crust with Airy-model thickness variations of approximately 
±50 km. A possible alternative is the suggestion of lateral density variations as in 
the Pratt-model. Again we make an argument based on a simple model. With Pratt­
isostasy the density variation i1p to support a given topography variation i1Top is 
pCij i1Top + 1)-1 where z is the average crust thickness. Assuming 100 km and 
3000 kg m-3 for the average crust thickness and density, respectively, and taking 
the topography variations to be ±5 km thereby ignoring the largest variations as­
sociated with large impact basins and volcanoes, we require a i1p of a modest 
±150 kg m-3 . This value would bring the density of the lowland crust close to 
(but still smaller than) the densities of the SNC meteorites of 3230 to 3350 kg m-3 

and would require a density in the highland crust of 2850 kg m -3. The crustal 
thickness variations in this model would be small, about equal to the topography 
variations. Therefore, the model avoids the difficulty of maintaining substantial 
crustal thickness variations over geologic history against viscous relaxation. We 
will not claim that this model should apply to the entire Martian crust, however. 
For instance, it is reasonable to assume crustal thinning caused by mantle rebound 
underneath large impact basins. Rather, we stress the potential importance of lateral 
crust density and chemistry variations and the non-uniqueness of gravity models. 
A seismic network on Mars like the one to be installed by the European Netlander 
mission presently under development (Harri et aI., 2000) will certainly help to 
provide more reliable crustal thickness models. 

U sing both topography and gravity data, Zuber et al. (2000) have calculated 
the Martian effective elastic lithosphere thickness, which can be understood as the 
thickness of the coldest outermost layer of the planet that supports stresses over 
geologically long time scales. This effective lithosphere thickness varies consid­
erably over the Martian surface and not always as one might expect. The thickest 
lithosphere values of "-'200 km are found at the largest volcanoes Olympus Mons, 
Pavonis Mons (a Tharsis volcano) and Tharsis in general; the smallest values are 
at Arabia Terra and Nochis Terra. Generally, the southern hemisphere shows small 
values of "-'20 km while typical values for the Northern hemisphere are "-' 100 km. 
Since the calculation applies models of elastic lithosphere flexure it is argued that 
the lithosphere thicknesses are actually the thicknesses at the time of loading, an 
interpretation that has been successfully used on Earth. Consequently, the elastic 
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lithosphere has increased from 20 km during the time of formation of the units 
on the southern hemisphere to '" 1 00 km at the time of formation of units on the 
northern hemisphere. Loading by the Tharsis volcanoes, according to this hypothe­
sis, occurred at a time when the elastic lithosphere was already more than 100 km, 
"'200 km, thick. The elastic lithosphere thickness is often roughly associated with 
an isotherm thereby acknowledging the temperature dependence of mantle rheol­
ogy. From the definition of the lithosphere base as an isotherm, the surface heat 
flow again at the time of loading, can be estimated. The exact value of the basal 
temperature is a matter of debate but the assumed value of 925 K should be real­
istic. Zuber et al. (2000) arrive at heat flow values between "'60 mW/m2 for the 
southern hemisphere to values around a few tens of m W 1m2 at the time ofloading 
of the Tharsis volcanoes. These values provide a coarse but interesting constraint 
for thermal evolution models. 

2.2. COMPOSITION, MOMENT OF INERTIA FACTOR, AND STRUCTURE 

The Martian or SNC meteorites (Nyquist et aI., 2001) possess distinctive chemical 
compositions that hold clues for the composition of the planet as a whole and for 
the compositions and masses of the crust, mantle and core (Halliday et al., 2001). 
These basalts are not as depleted in Fe as terrestrial basalts and the Martian mantle 
appears to be twice as rich in FeO as the terrestrial mantle. On the basis of the SNC 
chemistry and assuming that Mars is overall chondritic in composition, Dreibus 
and Wanke (1985) estimated that the core comprises "'20% of the planet's mass, 
and further suggested that the core contains about 15 wt-% sulfur. 

The Martian mantle appears to have been more oxidizing than the Earth's man­
tle during core formation, because it is apparently not as depleted in moderately 
volatile elements as is the Earth. For example, the K/U ratio of Mars is approxi­
mately 19,000 as compared with the Earth's K/U ratio of about 10,000 (Lodders, 
1998). The Th/U ratio should be about the same as on Earth, because both Th and U 
are refractory lithophile elements. U, Th, and K are the most important radioactive 
heat producing elements in a terrestrial planet's interior. 

Despite the recent accurate measurement of the moment of inertia factor of Mars 
by Pathfinder (Folkner et aI., 1997), present geophysical data do not constrain the 
interior structure of Mars unambiguously. Although a number of models have been 
published in the past two decades (for a recent review see Spohn et aI., 1998), 
uncertainty persists mainly because of the small relative mass of the Martian core. 
The uncertainty can be illustrated by considering the simplest of models consisting 
just of an iron-rich core and a silicate shell. The three unknowns in this model, 
the core density and radius and the silicate shell density, are balanced by only 
two known quantities, the mass and the Mol-factor. The usual procedure is then to 
assume the core density and calculate the mantle density and the core radius. Even 
if we take the core composition to be constrained by the chemistry of the Martian 
meteorites and assign the core a concentration of 15 wt-% sulfur and a density of 
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Figure 2. Comparison of the internal structure of Mars for a model A that satisfies the recent values 
of the Mol-factor and a model B that has a global solar Fe/Si value of 1.71. The global structures 
of the two models are similar with a basaltic crust, an upper and a lower mantle separated by the 
a-olivine to }'l-spinel transition, and a m etallic core. The lower mantle is further subdivided into 
}'l-spinel and very thin y-spinel layers. The models differ significantly in the thickness of the crusts 
and the radii of the liquid cores. Fe/Si and C / Mpr~ denote the calculated global iron to silicon ratio 
and the dimensionless polar moment of inertia factor, respectively. 

7000 kg/m3 at standard pressure and temperature(l05 Pa, 273 K), there will be an 
uncertainty in the latter value. If we assign an optimistic 5% error and correct for 
compression, we get a core radius of 1700 ± 200 km, half the planetary radius, the 
accuracy will be '"'-' 12%, and the mass of the core is then 23 ±9 wt-% of the planet's 
mass. The (average) silicate shell density of 3489 kg/m3 is much better constrained, 
formally within '"'-' 1 %. This density allows for a FeO-rich mantle composition. 

These uncertainties have to be kept in mind, when we discuss more detailed 
models in the following. In Figure 2, two models of the present interior structure 
of Mars are compared using identical sets of material parameter values for crust, 
mantle, and core derived from Martian meteorite data (see Sohl and Spohn, 1997, 
for a more complete discussion). The first model (A) is consistent with the geo­
physical constraint of a polar moment of inertia factor of 0.3663, while the second 
(B) satisfies the geochemical postulate of a chondritic bulk composition in terms of 
the bulk Fe/Si ratio of 1.71. Model (A) gives a global ratio Fe/Si=1.35 and model 
(B) produces a polar moment of inertia factor of 0.357. It is not possible on the 
basis of the present data to reconcile a Mol factor of 0.366 with the solar Fe/Si 
value of 1.71 (see also Bertka and Fei, 1998). 

The two models have a basaltic crust, an upper olivine-rich mantle, a lower 
spinel mantle further subdivided into ~-spinel and y-spinel layers, and an Fe­
rich core. The mineralogy is consistent with the sequence of phase assemblages 
stable in the Martian mantle at elevated temperatures and up to core-mantle bound­
ary pressures obtained by Bertka and Fei (1997) from high-pressure and high-
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temperature experiments using synthetic mineral mixtures according to the mantle 
composition of Dreibus and Wanke (1985). 

The locations of the olivine-,B-spinel transition and the ,B-spinel to y -spinel 
transition are similar in both models. (We will discuss below how phase transitions 
can have an effect on the evolution of the planet.) The pressure required for the 
phase transformations to take place is 13 GPa at the a-olivine-,B-spinel transition 
and 18 GPa at the ,B-spinel-y-spinel transition. The olivine to ,B-spinel transfor­
mation is located at a depth of about 1000 km, while the ,B-spinel to y-spinel 
transition is situated several hundred kilometers above the core-mantle boundary. 
These transitions occur at a greater depth than in the Earth's mantle simply because 
of the smaller gravitational acceleration of Mars which results in lower pressures 
in the Martian mantle; the phase transitions are spread over a wider depth range 
because of the smaller pressure gradient. 

The pressure at the core-mantle boundary is "-'22 - 23.5 GPa. It is lower than 
the pressure of the y-spinel to perovskite phase transition (Chopelas et ai., 1994) 
if the temperature is <2100 K. Since the y-spinel to perovskite phase transition is 
strongly temperature dependent, a perovskite layer may have existed in early Mars 
when deep mantle temperatures were higher. Almost half of the bulk Fe by mass 
is in the core, which is found to be entirely liquid lacking a solid inner core and 
comprising 15% (model A) to 21 % (model B) of the planet's mass. The core may 
be even smaller if it is solid or partly solid (although this may be inconsistent with 
the absence of a global magnetic field at present). For that case, recent data on the 
solid Fe-FeS system at high pressure and high temperature suggest a high-pressure, 
high-density phase change to a hexagonal NiAs superstructure (Fei et ai., 1995). 
The core size would then only be "-' 1400 km, assuming a S content in the Martian 
core of 12 to 16 wt-%, and a "-'200 km thick perovskite layer would be possible. 

Figure 3 shows the density p as a function of the radial distance from the 
planet's center. For both models the density varies similarly with depth despite 
differences in crust thicknesses and core radii. The density increases almost lin­
early with depth in the mantle and crust and parabolically in the core. There are 
prominent density discontinuities of 600 kg m-3 at the crust-mantle boundary 
and of 3000 kg m-3 at the core-mantle boundary. Phase transformations cause 
much smaller density discontinuities of "-'250 kg m-3 across the olivine-,B-spinel 
transition and "-' 130 kg m-3 across the ,B-spinel-y-spinel transition. 

2.3. GEOLOGIC HISTORY, VOLCANISM, AND TECTONICS 

2.3.1. Geologic History 
The geologic history of Mars is reviewed by Head et ai. (2001) and will only be 
briefly outlined here. Three major stratographic time systems are used to charac­
terize the geologic history, the Noachian, Hesperian and Amazonian (Tanaka et al., 
1992). The assignment of absolute ages to the epochs is based on crater density 
measurements and is dependent on modeled cratering rates. The new synthesis 
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Figure 3. Radial distribution of density for model A (bold-lined) and model B (thin-lined) . Note that 
there is little difference between crust and mantle densities in the two models despite of significant 
differences in crust thicknesses and core radii. 

by Hartmann and Neukum (2001) places the Amazonian-Hesperian boundary at 
2.9 - 3.3 Gyr ago and the Hesperian-Noachian boundary at 3.5 - 3.7 Gyr ago. 

Most of the southern highland units are of Noachian and Early Hesperian age. 
However, younger units of Amazonian age are exposed in small areas. The north­
ern plains are younger than the southern highlands and range in age from Upper 
Hesperian to Upper Amazonian (Tanaka et al., 1992). The plains are diverse in 
origin: Most common around the volcanic centers of Tharsis and Elysium are 
lava plains with clearly developed flow fronts. However, the vast majority of the 
northern plains lack direct volcanic characteristics but are textured and fractured in 
a way that has been attributed to the interaction with ground ice and sedimentation 
as a result of large flood events, finally modified by wind (Carr, 1996). Never­
theless, it is believed that most of the Martian surface in particular the Northern 
lowlands are of volcanic origin (e.g., Greeley and Spudis, 1978; Tanaka et aI., 
1988; Mouginis-Mark et al., 1992; Greeley et aI., 2000). 

2.3.2. Volcanism 
It has been argued that the entire surface of Mars may be of volcanic origin (e.g., 
Tanaka et aI., 1988) but Tharsis and Elysium are undoubtedly the two most promi­
nent volcano provinces on Mars. The three large Tharsis volcanoes Arsia, Pavonis 
and Ascraeus Montes are oriented along the southwest-northeast tending top of 
the bulge with their summits 27 km above the datum. Olympus Mons, the largest 
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volcano in the solar system is located on the northwest flank of Tharsis. Each 
volcano has a large and complex summit caldera, and lava flows and channels are 
visible all over Tharsis. The large volcanoes seem to be formed by lava with only 
little pyroclastic activity (Pike, 1978; Plescia and Saunders, 1979; Tanaka et aI., 
1992); the smaller volcanoes on Tharsis show the same characteristics as the bigger 
ones. The flanks of the volcanoes exhibit lava flows with only a few superimposed 
impact craters indicating a very young age, whereas extended flows between the 
large volcanoes are older. The huge dimension of the Tharsis complex and the high 
effusion rates of Martian volcanoes (Greeley and Spudis, 1978) demonstrate that 
volcanism was an ongoing process throughout the planet's history (Neukum and 
Hiller, 1981; Tanaka et al., 1992) up to the recent « 100 Myr) past, as interpreta­
tion of data from the Mars Observer Camera (MOC) on MGS suggest (Hartmann 
et al., 1999; Hartmann and Berman, 2000; Hartmann and Neukum, 2001). Alba 
Patera to the north of Tharsis has the largest areal extent but rises just a few km 
above the surrounding surface. The flanks of Alba Patera are dissected by young 
branching valleys, which are interpreted as evidence for easily erodable pyroclas­
tic deposits such as ash (Wilson and Mouginis-Mark, 1987). Similar channeled 
deposits have been observed at Hecates Tholus in Elysium and Tyrrhena Patera 
in the highlands. Thus, the Martian volcanism seems to have experienced quiet 
effusion of lava and to some extent also violent pyroclastic eruptions. The Elysium 
volcanoes are smaller but similar to those on Tharsis. 

Geological mapping of the areal extent of volcanic deposits through time (Gree­
ley and Schneid, 1991), coupled with estimates of the thickness of the deposits, 
enabled an estimation of the volume of volcanic materials produced on Mars of 
6.86 x 107 km3 . These authors assumed a ratio of intrusive to extrusive materials 
of 8.5 to 10 (based on values for the Earth) and estimated a total magma volume of 
6.54 x 108 km3 . This volume is equivalent to a global layer of 4.5 km thickness, 
~ 1 0% of the likely minimum thickness of the crust estimated from the gravity data. 
For the 3.8 Gyr age-span (mostly Hesperian to Amazonian) of the volcanic materi­
als analyzed, this gives a magma production rate of ~0.17 km3yr- 1 • However, there 
are uncertainties in these estimates due to poorly constrained values for thickness 
and uncertainties in the intrusive to extrusive ratio. The recent identification in 
MOC images of extensive thin layering in the walls of Valles Marineris suggests 
that volcanism in the Noachian has been much more extensive than previously 
recognized (McEwen et aI., 1999). If these layers are indeed flood lavas and are 
representative globally, their volume will increase the estimated magma volume by 
an order of magnitude and bring the thickness of the layer close to the minimum 
crust thickness estimate from gravity! Furthermore, if most of this volcanism is 
Noachian in age as suggested by the mapping, the volcanic output would have 
peaked in the Noachian with a general decrease with time. 
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2.3.3. Tectonics 
Mars tectonics centers on Tharsis, the single largest tectonic entity in the solar 
system. Tharsis is surrounded by radial extensional rifts and grabens and con­
centric compressional wrinkle ridges that extend thousands of kilometers from 
its center. Most grabens on Mars are narrow (a few kilometers wide) and tens to 
hundreds of kilometers long structures bounded by inward dipping normal faults. 
Wider and deeper structures, more analogous to rifts on the Earth that rupture 
the entire lithosphere, can also be found in Tempe Terra, Valles Marineris and 
Thaumasia. Wrinkle ridges, linear to arcuate asymmetric topographic highs, are 
the most common compressional structures and form patterns of distributed com­
pressional deformation. Large compressional ridges and buckles with greater strain 
in Noachian terrain to the south and southwest of Tharsis have also been suggested 
(Schultz and Tanaka, 1994). The total circumferential strain at a radius of 2500 km 
from the center of Tharsis is estimated to be '"'-'0.4%, not accounting for buried 
structures, however (Banerdt and Golombek, 2000, and references therein). 

Mapping of geologic and tectonic features (e.g., Wise et ai., 1979, Tanaka et aI., 
1992, Banerdt et ai., 1992) within the stratigraphic framework of Mars has revealed 
that the area has been active throughout most of the history of the planet. Its com­
plex structural history involves 5 stages of tectonic activity at Tharsis with changes 
in the derived centers of activity through time (e.g., Anderson et aI., 2000). More 
than half of the structures mapped have Noachian age (stage 1; >3.8 - 4.3 Gyr), 
and are exposed in Tempe Terra, Ceraunius Fossae, Syria Planum, Claritas Fossae, 
Thaumasia, and Sirenum. By Late Noachian-Early Hesperian (stage 2), activity 
was concentrated in Thaumasia and Valles Marineris. Middle Hesperian (stage 
3) included the development of concentric wrinkle ridges concentrated along the 
edge of the topographic rise, although wrinkle ridges may have continued to form 
later due to global compression (e.g., Tanaka et ai., 1991). Normal faulting also 
occurred north of Alba, in Tempe Terra, in Ulysses Fossae, in Syria Planum and 
Valles Marineris, and in Claritas Fossae and Thaumasia. Stage 4 activity during 
the Late Hesperian-Early Amazonian was concentrated in and around Alba Patera. 
Middle to Late Amazonian activity (stage 5) was concentrated on and around the 
Tharsis Montes volcanoes. These events all produced radial grabens centered at 
slightly different locations (local centers of volcanic and tectonic activity) within 
the highest standing terrain of Tharsis. This indicates most importantly that the 
basic structure of Tharsis has changed little since the Middle to Late Noachian 
(Anderson et aI., 2000). 

Lithospheric deformation models based On the Mars Global Surveyor gravity 
and MOLA topography appear to have simplified the stress states required to ex­
plain most of the tectonic features around Tharsis (Banerdt and Golombek, 2000). 
Flexural loading stresses based on present day gravity and topography appear to 
explain the location and orientation of most tectonic features. This observation 
coupled with the mapping results which suggest that more than half of the radial 
structures formed by the Middle to Late N oachian, argues strongly that the basic 
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Figure 4. Magnetic field map of Mars compiled from MGS data (Acuna et al., 1999). 
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structure of the bulge has probably changed little since the MiddlelLate Noachian. 
The lithospheric deformation models and the mapping require a huge load, of the 
scale of Tharsis, to have been in place by the Middle Noachian. This load likely 
was formed by Noachian volcanic extrusions. The load appears to have produced 
a flexural moat, which shows up most dramatically as a negative gravity ring, and 
an antipodal dome that explains the first order topography and gravity of the planet 
(Phillips et ai., 2001). Many ancient fluvial valley networks, which likely formed 
during an early warmer and wetter period on Mars, flowed down the present large­
scale topographic gradient, further arguing that Tharsis loading was very early. This 
agrees with Figure 15c of Hartmann and Neukum (2001), which shows an order of 
magnitude decrease in the volcanic resurfacing rate (km2/yr) after the Noachian. 

2.4. MAGNETISM 

The MAG/ER investigation flown on Mars Global Surveyor has established con­
clusively that Mars does not currently possess a magnetic field of internal origin 
and reported the discovery of strongly magnetized regions in its crust (compare 
Figure 4), closely associated with the ancient, heavily cratered terrain of the high­
lands south of the dichotomy boundary (Acuna et ai. , 1998, 1999). Evidence for 
a magnetic history of Mars did not come entirely unexpected, though. Models of 
Mars' interior and thermal evolution (Stevenson et ai., 1983; Schubert and Spohn, 
1990; Spohn, 1991; Spohn et at. , 1998) predicted the existence of a thermal con­
vection driven dynamo for at least the first billion years after accretion. Prior to 
the arrival of MGS at Mars the remnant magnetization of Martian meteorites had 
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already suggested that the planet may have had in its past a surface magnetic field 
comparable in magnitude to that of the Earth (Curtis and Ness, 1988) and different 
regions of the Martian crust could have been magnetized with varying strengths 
and orientations representative of prior epochs of magnetic activity (Leweling and 
Spohn, 1997). Spacecraft missions prior to MGS, established that the current global 
magnetic field, if one existed at all, is weak with a surface field strength of less than 
50 nT. A recently improved estimate of the upper limit to the magnitude of the cur­
rent Mars dipole moment derived from the MGS data yields M :s 2 x 1017 A m-2 

which corresponds to a surface equatorial field strength of :s 0.5 nT. 
Complementing the discovery of crustal magnetism at Mars, the MGS MAGIER 

experiment observed linear patterns of strikingly intense magnetization in the south­
ern hemisphere ("-' 1600 nT at h = 100 km), particularly over Terra Sirenum and 
Terra Cimmeria (Connerney et al., 1999). These linear magnetic structures or "mag­
netic lineations" are clearly visible in Figure 4 and have been interpreted to result 
from processes similar to those associated with seafloor spreading at Earth. This 
association would imply that some form of plate tectonics and magnetic field re­
versals existed in Mars' early history. However, the sharp magnetization contrast 
required by the model of Connerney et al. (1999) suggests that alternative explana­
tions involving the fracturing of a magnetized, thin crustal layer by tectonic stresses 
perhaps associated with the Tharsis rise may also be considered. 

We cannot claim that the magnetization pattern of the Martian crust and its 
implications for the thermal evolution of the planet are fully understood. However, 
the MGS observations show that the majority of the crustal magnetic sources lie 
south of the dichotomy boundary on the ancient, densely cratered terrain of the 
highlands and extend "-'60 0 south of this boundary. The formation of the dichotomy 
boundary should simply be interpreted to postdate the cessation of dynamo action. 
The absence of detectable crustal magnetization north of the dichotomy boundary 
in spite of a widespread record of active volcanism and magmatic flows suggests 
that dynamo action had ceased at this stage of crustal formation. 

The southernmost limit of the crustal magnetization region appears to be asso­
ciated with the destruction or modification of the magnetized crust by the impacts 
that created the Argyre and Hellas basins. The magnetic field observations ac­
quired over the Hellas, Argyre and other impact basins indicate the presence of 
weak fields most likely of external origin, suggesting that the dynamo had ceased 
to operate when these basins were formed. It is estimated (e.g., Hartmann and 
Neukum, 2001, and references therein), that the Hellas and Argyre impacts took 
place less than about 300 Myr after Mars accretion was completed and therefore 
Mars dynamo cessation should coincide or predate this epoch if this interpretation 
is correct. The distribution of magnetization suggests that processes that took place 
after the cessation of dynamo action only modified the ancient, magnetized, thin 
crust through deep impacts, magmatic flows, tectonics or reheating above the Curie 
point. Weaker crustal magnetic sources detected in the northern hemisphere (Acuna 
et al., 1999) are located in the younger, Amazonian plains and dipole models 
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(Acuna et aI., 1998; Ness et at., 1999) tend to yield source depths in excess of 
100km close to the estimated depth to the Curie isotherm in this region (Smith et 
al., 2000; Zuber et aI., 2000). 

The above interpretation of the magnetic record of Mars has recently been 
criticized by Schubert et at. (2000). These authors note that the punching of a ho­
mogeneously magnetized southern highlands crust should have left characteristic 
magnetic anomalies. While this is correct, it should be noted that the dissipation of 
impact energy may have resulted in heating and thermal demagnetization of a much 
extended region with the effect that the expected anomaly pattern there would have 
been lost. In any case, the authors are correct in pointing out that a high spatial 
resolution measurement of the magnetic field is required to fully solve the puzzle 
of the origin of its peculiar pattern. 

3. Interior Evolution 

3.1. ACCRETION, EARLY DIFFERENTIATION AND CORE FORMATION 

Unraveling a planet's evolution is a difficult task that requires an integration of 
evidence from various fields into consistent models. Starting with the earliest times, 
it is now widely accepted that Mars formed by homogeneous accretion (Halliday et 
at., 20Ot). The time required for a planet to differentiate into a core, mantle, crust 
and atmosphere/hydrosphere depends on the basically unknown conditions in the 
early planet. Most accretion scenarios result in hot planets possibly with magma 
oceans (e.g., Benz and Cameron, 1990). Several isotopic chronometers applied to 
Martian meteorites have provided evidence of very early isotopic heterogeneity 
caused by differentiation and preserved within Mars to the present day. Most im­
portantly, Chen and Wasserburg (1986) showed using the Pb isotopic systematics 
of Shergottites, that Mars formed a core early. 

The time span of accretion and the time of core formation can be more directly 
and accurately studied using the newly developed 182Hf_182W chronometer (e.g., 
Lee and Halliday, 1997; Halliday et al., 2001). Hafnium and Ware strongly frac­
tionated by the processes of melting and core formation with W being much more 
incompatible than Hf and, consequently, with W being enriched in the melt and 
depleted in the residue. Some of the Martian meteorites have anomalously high 
concentrations of 182W, the daughter product of 182Hf (measured with respect to 
184W). These anomalies must have formed after the core had separated and W had 
been depleted. Evidently the accretion and differentiation of Mars was complete 
within a few Hf halfiives or ",,20 Myr (Lee and Halliday, 1997). On the Earth, the 
isotopic record suggests that core formation took substantially longer. 

There are other striking differences between the Earth and Mars in the W iso­
tope data. Since Martian meteorites nearly all formed long after 182Hf became 
extinct, the variations of W isotopic abundances in the meteorites observed to­
day indicate that the meteorite source regions must have somehow preserved these 
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ancient heterogeneities. In the Earth 4.5 Gyr of convection has stirred the mantle 
sufficiently to eliminate all trace of very early heterogeneity. In contrast, the Mar­
tian mantle has heterogeneities that can only have been produced in the first 50 Myr 
of the solar system. Thus, mantle mixing must have been far less effective on Mars 
or the source regions of some SNC meteorites must have escaped vigorous mixing, 
as has been concluded earlier from Sr isotope data (e.g., Jagoutz et ai., 1994) 

The W data display a very significant relationship with the 146Sm_142Nd data 
(Harper et ai., 1995) for the same Martian meteorites. This striking agreement 
provides a powerful insight into the early development of Mars. In order to gener­
ate a correlation between the Wand Nd isotopic data, the two parent-to-daughter 
element ratios must have fractionated together at an extremely early stage. Lee and 
Halliday (1997) have interpreted these data as evidence of coeval, co-genetic and 
very early silicate melting and metal segregation (core formation). Although the 
source regions of the Martian meteorite parent magmas appear to have suffered 
early depletion from melting and core formation they yield no sign of the cor­
responding enriched reservoirs. This would be consistent with the outer portions 
of Mars representing a depleted residue or floating cumulate layer from which 
early enriched melts and metals segregated inward toward the center of the planet. 
However, the existing dataset is based on a very small number of samples. 

A strong relation between core formation and silicate melting is also suggested 
from the physics of core formation. It has been argued (e.g., Stevenson, 1990) 
that the separation of iron melt from a silicate matrix is difficult, if not impossible 
because the melt would form isolated pockets instead of connected networks. This 
is a consequence of the surface energy of iron melt in comparison with the surface 
energy of silicate rock. The ratio between the surface energies is more favorable of 
iron segregation if there is silicate melt. However, Bruhn et al. (2000) have shown 
that iron can form a connecting network and flow if the solid silicate matrix is 
subject to shear such as would be provided by large-scale convective overturn. 

In conclusion, the evidence from Martian meteorite isotope variations strongly 
argue for a hot early evolution with rapid core formation accompanied by early 
mantle melting and, perhaps, differentiation. The mantle differentiation may have 
led to chemical mantle layering which has perhaps drawn too little attention to date 
by scientists who model the mantle dynamics. 

3.2. EVOLUTION AFTER CORE FORMATION 

Since planets can be regarded as heat engines that convert thermal energy to me­
chanical work and magnetic field energy, the evolution of the planet subsequent to 
formation and early differentiation is strongly coupled to its thermal evolution or 
cooling history. The thermal evolution, in turn, is strongly related to the dynamics 
of the planet's mantle. Despite the arguments against mantle mixing above, there 
is little doubt that at least a significant part of the Martian mantle should have 
been convecting for most of if not all of its history. The argument is based on a 
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comparison between the radiogenic heat production rate in the silicate shell and 
the heat transfer rates provided by heat conduction and thermal convection (e.g., 
Tozer, 1967; Stevenson and Turner, 1979). Given that the thermal conductivity 
of silicates is small, a few W ImK, heat production by radioactive elements even 
at their present concentrations after 4.5 Gyr of decay should lead to large scale 
planetary melting. However, the strongly temperature dependent viscosity of the 
mantle rock will decrease as the temperature increases, and even more so as partial 
melting begins, to allow large scale thermal convection driven by the temperature 
difference between the deep interior and the surface or between the deep interior 
and the temperature at the base of rigid lithosphere. Heat transfer by convection is 
generally thought to be efficient enough to eventually remove the heat generated by 
radioactives and to cool the interior. Partial melting will lead to the growth of the 
crust thereby further differentiating the silicate shell and transferring heat sources 
to the crust. The latter occurs because the radiogenic elements are lithophile due to 
their large ionic radii and valence states and tend to be enriched in the melt. 

3.3. PLANFORM OF MANTLE CONVECTION 

The planform of convection, the pattern of flow in the Martian mantle, remains 
speculative. Intuitively, it appears natural that the surface distribution of major 
tectonic and volcanic units at present and over time should somehow reflect the 
flow at depth. For instance, Matyska et ai. (1998) have analyzed the distribution of 
volcanoes on the Martian surface and have related the latter to possible planforms 
of mantle convection. Moreover, the origin and genesis of the dichotomy is ascribed 
variously either to long-wavelength mantle convection (Wise et aI., 1979) or to the 
flow associated with post-accretional core formation (Davies and Arvidson, 1981) 
sweeping up most of the crustal material into one large protocontinental mass. The 
MOLA topography (Smith et aI., 2000) shows no trace of a giant impact that could 
have caused the dichotomy (Wilhelms and Squyres, 1984). Most recently, Zhong 
and Zuber (2001) proposed that the dichotomy and the crust thickness variation 
was the result of a degree-l mantle convection planform. A low order convection 
pattern may also be suggested by the e = 2 pattern of the topography (Section 2.1). 
In return, it has been speculated that a dichotomy in crustal thickness between the 
northern and southern hemispheres may have caused large scale differences in the 
mantle convection pattern underneath these hemispheres (Breuer et ai., 1993) with 
consequences for crustal evolution. The dominance and stability of Tharsis and 
its continued activity until the recent past suggests that it may have been formed 
by a super-plume or a family of large plumes. The recent findings on the origin 
and history of Tharsis (Section 2.3.3) are consistent with a superplume but do 
not require the plume to be existent under Tharsis throughout Martian history (W. 
Banerdt, personal communication). This superplume must have supplied lava in 
the Noachian with an enormous rate. 
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Figure 5. 3D mantle convection model showing plumes and their interaction with the ol-sp mantle 
phase transitions after Breuer et al. (1997). As can be seen from the figure, the model starts out with 
a number of small scale plumes. With the passage of time, the number of plumes is reduced and a 
super-plume survives. A similar evolution will be found as a consequence of the interaction of the 
flow with the spinel -perovskite transition. 

Numerical convection modeling by Weinstein (1995), Zhou et at. (1995), Harder 
and Chlistensen (1996), Breuer et at. (1996, 1997, 1998) and Harder (2000) have 
suggested that the interaction of the olivine-spinel and, more strongly and more 
directly, the spinel-perovskite phase transformations with the mantle flow may sup­
press small, less energetic plumes and amplify large scale, strong plumes and thus 
force the upwelling flow into a small number of super-plumes. Figure 5 shows a 
selies of snapshots from a 3D mantle convection calculation that illustrates the for­
mation of a super-plume. The time scale of superplume formation in the calculation 
may be considered too long. However, this is mostly caused by an unrealistically 
low vigor of convection in the calculation forced by limitations in present day 
computer power. In early Mars the formation of the plume would probably have 
been about an order of magnitude faster. 

The calculations of Martian mantle convection with phase transformations as­
sumed that the temperature at the base of the mantle or the heat flow from the core 
was constant in time, assumptions often made for simplicity in numerical mantle 
convection calculations. However, recent 2D and 3D calculations, to be reported 
in detail elsewhere, that relax this assumption and allow the core to cool, cast 
some doubt on the applicability of these models to the entire thermal history. If the 
constant thermal boundary condition is relaxed and if the core is allowed to cool, 
it is found that the plumes decrease in strength on a time scale of a few 100 Myr 
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depending on the initial superheat of the core. Eventually the plumes fade away in 
step with the decrease of the heat flow from the core. The flow in the mantle is then 
increasingly dominated by downwelling plumes and broad upwelling flow as it 
is commonly found in internally heated convection experiments and calculations. 
These results suggest that the thermal evolution of the Martian interior after an 
initial phase of plume convection may basically be independent of mantle phase 
transitions. Plumes may persist for longer times only if the core provides additional 
heating. The amount of this heating is, however, expected to be small compared to 
the heat produced by radioactive elements in the mantle. 

3.4. THERMAL HISTORY MODELS USING PARAMETERIZED CONVECTION 

Thermal evolution calculations with 2D or 3D mantle convection codes are very 
time-consuming on present-day computers. Therefore, to calculate thermal histo­
ries, convective heat transfer is often parameterized by relating the heat flow to the 
convective vigor through a suitable scaling law. The models are particularly useful 
if it can be assumed that the flow is simple in nature and that complications such as 
those that arise from interactions of the flow with phase transitions can be ignored. 
Early models have simply applied scaling laws derived from constant viscosity 
convection experiments. For the Earth with plate tectonics the parameterization 
seems to work quite well. These models were also applied to one-plate planets 
such as Mars (e.g., Stevenson et ai., 1983) and later modified to include the effects 
of a growing lithosphere (Schubert and Spohn, 1990; Schubert et at., 1992; Spohn, 
1991), using an equation for lithosphere growth first proposed by Schubert et al. 
(1979). The base of the lithosphere in these models is an isotherm assumed to be 
characteristic for the transition from viscous deformation to rigid response to loads 
applied over geologic time scales. A representative value of this temperature is 
'" 1 03 K. Heat transfer through the lithosphere is by heat conduction. 

In recent years, experimental and numerical studies (e.g. Richter et aI., 1983; 
Davaille and Jaupart, 1993; Solomatov, 1995; Moresi and Solomatov, 1995; Gras­
set and Parmentier, 1998) have improved our understanding of convection in layers 
of fluids with strongly temperature dependent rheologies. In these layers, a so­
called stagnant lid will form beneath the cold surface and above a convecting 
sub-layer. The convection in the sub-layer is driven by the temperature difference 
across it. The viscosity variation in the sub-layer is small, only one to two orders of 
magnitude. Most of the viscosity variation occurs in the stagnant lid. For such a lid 
to form, the rate of change of viscosity 17 with temperature T, -d In 17 / dT times the 
temperature difference 6. T across the entire layer must be larger than'" 1 0 (Solo­
matov, 1995). For commonly assumed mantle rheology parameters (e.g., Turcotte 
and Schubert, 1982) and Martian deep mantle temperatures the product is much 
larger than 10 placing the planet squarely in the field of stagnant lid convection. 

The temperature at the base of the stagnant lid Tb (the top temperature is the sur­
face temperature of the planet) can be expressed in terms of the temperature of the 
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Figure 6. Thermal histories calculated for 4 different mantle heat transfer models 

convecting sub· layer. If the latter is 7;, then Tb is approximately ~/(2.3R~/ E + 1) 
where R is the universal gas constant and E is the activation enthalpy for creep. 
Choosing representative values for 7; ~ 1800 K and E ~ 400 kJ/mole, the dif· 
ference between ~ and Tb is small, of the order of 100 K Thus, the stagnant lid 
contains the rheological lithosphere and is likely to be much thicker then the latter. 
Heat transfer through the lid again is by heat conduction. 

A problem with the stagnant lid model, however, is that it may be ignoring 
some important aspect of mantle convection since the Earth also meets the criteria 
for stagnant lid convection but instead has plate·tectonics. Although it is univer· 
sally accepted that at least present day Mars lacks plate· tectonics there may be 
other modes of efficient heat removal that we just have no way of appreciating at 
the present time. It has been speculated that Mars went through a phase of early 
plate tectonics: Sleep (1994) proposed that the Northern lowlands were formed in 
a phase of early Martian plate tectonics and that the Tharsis volcanoes may be the 
remnants of an island arc volcanic chain. Connerney et al. (1999) proposed that 
plate tectonics caused the stripe pattern of magnetic anomalies over Terra Sirenum 
and Terra Cimmeria, and Nimmo and Stevenson (2000) invoked plate tectonics to 
explain the early magnetic field of Mars altogether. 

There are some important differences between models using these different pa· 
rameterization schemes (Figures 6 and 7). Thermal history calculations applying 
the stagnant lid parameterization scheme show that the stagnant layer will thicken 
as the planet cools while the temperature of the convecting sub·layer will change 
comparatively little. In a series of evolution calculations with 2D and 3D convec· 
tion models for the Moon, Spohn et al. (2001) have confirmed these principles by 
finding that the model lunar mantle cooled mostly by thickening its stagnant lid. 
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Figure 7. Lithosphere and stagnant lid thickness for 3 of the heat transfer models of Figure 6. The 
solid lines are for the stagnant lid model; the lower curve gives the thickness of the lithosphere charac­
terized by a 1075 K isotherm, and the upper plots the thickness of the stagnant lid. The dash-dotted 
lines are for the plate tectonics model that transfers into a stagnant lid model after 500 Myr. The 
dash-triple dotted line refers to the lithosphere growth model with a basal temperature of 1075 K. 

Figures 6 and 7 include a model with an early 500 Myr long phase of plate 
tectonics that transitions into the stagnant lid regime. The model is ad-hoc in the 
timing of the transition just as the Nimmo and Stevenson model. It is unclear how 
to model this transition and why the planet should undergo the transition in the 
first place. With plate tectonics there is no lid thickening and the cooling of the 
deep interior is most efficient. However, as the figures show, the model compen­
sates the increased deep mantle cooling caused by plate tectonics through warming 
thereafter and the lack of lid thickening in the first 500 Myr through increased 
thickening. The lithosphere thickening model is inbetween the two extremes. 

Figures 8 and 9 compare the surface heat flows and the accumulated heat re­
moved from the models. It is interesting to note that these quantities fail to differ 
significantly between the models. Therefore, plate tectonics is not cooling the entire 
planet more effectively. The difference between the models is mostly a difference 
between cooling of the outer and the deeper layers. Plate tectonics cools the deep 
interior most effectively while stagnant lid convection cools the outer layer most 
effectively but cools the deep interior least effectively. It is further interesting to 
note that the surface heat flow shown in Figure 8 is consistent with the estimates 
of Zuber et al. (2000) based on gravity and topography modeling. Of the three 
models, the stagnant lid model is closest to the Zuber et al. estimate because the 
surface heat flow shows the smallest variation over the past 4 Gyr. 

Geochemical heterogeneity may persist in the upper mantle due to stagnant 
lid convection because this mode removes a sizable fraction of the silicate shell 
from convective mixing. For lid thicknesses of up to 350 km, 100 km thickness is 
equivalent to approximately 10% of silicate shell volume. Figure 7 suggests that the 
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Figure 8. Surface heat flow calculated for the lithosphere growth model, the stagnant lid model, and 
the model with plate tectonics followed by stagnant lid convection. 
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Figure 9. Cumulative heat flow calculated for the stagnant lid model (solid line), the lithosphere 
growth model (dash-triple dotted line), and the model with plate tectonics followed by stagnant lid 
convection (dash dotted line). 

lid grows quickly initially. It may already be 100 km thick at the end of the overturn 
that accompanies core fonnation. The lid could contain the depleted reservoir and 
Martian meteorite source region required by the geochemical data. 

3.4.1. Crust Formation 
Parameterized convection models can easily be extended to include a model of 
crust growth (e.g., Spohn, 1991; Schubert et aI., 1992). The mechanism of crust 
growth in these models may differ to some extent but typically depend on the vigor 
of mantle convection and on the concentration of the crustal component in the 
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Figure 10. Crust thickness calculated for 3 models of Martian heat transfer through mantle convec­
tion, the lithosphere growth model (dashed line), the stagnant lid model (solid line), and model with 
plate tectonics followed by stagnant lid convection (dotted line). 

mantle. In Figure lOwe show crustal thicknesses recently calculated by Breuer 
and Spohn (200la, 2001b) for the stagnant lid, lithosphere growth, and plate tec­
tonics models that additionally relate the growth rate to the degree of melting of 
the mantle and the thickness of the lid. The crust growth rate is given by 

dDc Dpot - Dc ( DJ )n -- = urna 1- - , 
dt Dm Dcr 

(1) 

where Dc is the thickness of the crust, t is time, Dpot the maximum crustal thick­
ness for complete separation between crustal reservoir and residue assumed to be 
200 km, Dm the thickness of the mantle, u the mean mantle flow velocity calculated 
from the Rayleigh number to the power of 2/3, rna the mean melt concentration 
in the mantle i.e. the degree of partial melting, DJ the thickness of the stagnant 
lid, Dcr a critical depth, below which the melt cannot rise to the surface, and n 
an exponent that accounts for the increasing frustration of melt transfer through 
the growing lid with increasing thickness. A value of Dcr of 600 km has been 
assumed. The pressure at this depth is equivalent to the pressure where the density 
of magma due to compression becomes equal to the mantle density (Stolper et aI., 
1981). The use of n is certainly ad-hoc, albeit reasonable in its effect on the crustal 
growth rate. For n = 3, for example, only "-'60% of the melt will pass through a 
stagnant lid of 100 km thickness. The remainder will be intruded into the lid. The 
melt concentration rna has been obtained by intersecting the solidus of the mantle 
material with the calculated mantle temperature profile. A linear increase of degree 
of melting between the solidus and the liquidius of the mantle has been assumed. 

As Figure 10 shows, the crust grows fast to its final thickness within '" 1 Gyr 
for the stagnant lid and the lithosphere growth models. The growth rate of the crust 
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decreases with time in these models mainly because rna decreases with temperature 
and with time. The final crustal thickness is strongly model-dependent; the stagnant 
lid model provides the thickest crust of ~ 140 km. If the crustal growth rate is 
assumed to decrease with increasing lid thickness (n>O), the final thickness will 
be smaller. The stagnant lid model produces the thickest crust because of the higher 
mantle temperatures predicted by this model (Figure 6). 

The plate tectonics model includes crustal growth only after the cessation of 
plate tectonics thereby assuming that crust produced by plate tectonics will be 
recycled. Since plate tectonics cools the mantle such that it is subsolidus (rna = 0) 
at the time of the transition to the stagnant lid regime, it takes ~700 Myr for the 
mantle to warm again and partially melt. Then, the crustal production rate begins 
to increase and peaks at ~2 Gyr. The present-day crust is a factor of 2 and 6 thinner 
than for the lithosphere growth and the stagnant lid models, respectively. 

Crustal growth will act to additionally cool the mantle by moving heat sources 
from the mantle to the crust. In the stagnant lid and lithosphere growth models, 
this will lead to thicker lids and litho spheres with time. For the models presented 
in Figure 10, these layers are up to 100 km thicker as for the models in Figure 7. An 
important parameter that determines the final thickness of the crust, the lithosphere, 
and the lid is the initial temperature which is assumed to be 2000 K as in Figure 6. 
With an initial mantle temperature of 1800 K a present-day crust thickness of only 
70 km is obtained for the stagnant lid model. In this case, the crust production rate 
does not decrease continuously with time as in Figure 10 but shows a weak peak 
after ~ 1 Gyr, as Tanaka and Davis (1988) also have suggested on the basis of geo­
logic data. Further parameters that determine the crustal evolution are the rheology 
parameters and the mantle thermal conductivity (Breuer and Spohn, 2001a, b). 

The Martian meteorite compositions, in particular those of the Shergottites, the 
Pathfinder analyses, and the results of TES on MGS suggest at least two crustal 
types for Mars: Basalt and a more fractionated, more silica-rich andesitic type. 
According to the TES results, basalts appear to be mostly restricted to the south­
ern hemisphere, while the andesites are prominent in the northern hemisphere but 
are also found in the south (Bandfield et al., 2000). It seems possible that both 
types are derived by partial melting of mantle rock and fractional crystallization in 
magma chambers. However, it is also possible that the andesitic rocks are produced 
by remelting of basalt. This may have occurred through an earlier phase of plate 
tectonics on Mars or through crust (partial) remelting. For instance, if the Tharsis 
bulge is indeed a gigantic volcanic pile, as the MGS results suggest, then it appears 
possible that the lower layers of this pile were eventually remolten to produce a 
more fractionated magma. 

The calculations presented above do not include effects of crust reservoir re­
cycling. An attempt at modeling the growth of two reservoirs has been presented 
by Breuer et al. (1993). The present results show that the Martian mantle may 
produce a voluminous crust during approximately the Noachian. The crust growth 
rate actually may differ locally. Heterogeneities in crust and upper mantle structure 
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may focus a substantial part of the melt in a region such as Tharsis. It has been 
speculated, for instance by Watts et ai. (1991), that the Hellas impact may have 
caused fracturing and may have triggered or enhanced volcanic activity in the 
Tharsis region. The net crust growth rate may be reduced by crust recycling with 
the mantle as through a phase of plate tectonics, but other mechanisms of recycling 
such as crust delamination may work as well locally. A further growth limiting 
factor is the frustration of melt transfer by lid growth. Large scale crust growth 
will cease as the planet cools and as the mantle becomes subsolidus (rna = 0) on 
average. However, this is not to say that volcanism should cease altogether. Even in 
an on average sub-solidus mantle, melt and volcanic activity may occur locally. The 
rate of melt production should, however, be small compared to the early activity. 

3.4.2. Core Convection and the Dynamo 
The observation of strong remnant crustal magnetization by the MGS-mission 
suggests a strong, self-generated magnetic field very early in Martian history. The 
much weaker magnetization of the SNC meteorites may indicate a weaker mag­
netic field at the time of the crystallization of their parent magmas "-' 1 Gyr ago. 

It is widely accepted that a planetary magnetic field is produced by regenerative 
dynamo action in a fluid or partly fluid iron-rich core. The dynamo is thought to 
be driven by vigorous thermal or chemical convection. Thermal convection in the 
core like thermal convection in the mantle is driven by a sufficiently large super­
adiabatic temperature difference between the core and the mantle. Because the core 
fluid is of comparatively low viscosity ("-' 1 Pa s), the required temperature differ­
ences are much smaller than those between the mantle and the surface required 
to drive mantle convection. The necessary temperature differences arise naturally 
when mantle convection removes heat from the core at a sufficiently large rate. 
This heat flow must be larger than the heat flow supplied by thermal conduction 
along the core adiabat. The latter heat flow therefore serves as a criterion for the 
existence of thermally driven convection in the core. The critical value of core heat 
flow depends on the adiabatic temperature gradient in the core and on the thermal 
conductivity. Nimmo and Stevenson (2000) have recently estimated the critical 
heat flow for Mars to be "-'5 - 20 mW/m2• 

Figure 11 shows the heat flow from the Martian core as a function of time cal­
culated from the above thermal history models. The heat flow is below the critical 
value for thermal convection and thermally driven dynamo action at the present 
time for all models. This result has been previously obtained from similar calcu­
lations (Stevenson et ai., 1983; Schubert and Spohn, 1990; Spohn, 1991). In early 
Martian history, the models predict dynamo action for periods of some 100 Myr to 
'" 1 Gyr depending on model details such as the initial temperatures and rheology of 
mantle and core, and the style of heat transfer. Thus, the models are consistent with 
estimates of the history of the Martian magnetic field that are based on the absence 
of magnetization in Hellas to suggest that the field had ceased to be produced by 
the time of formation of the Hellas and Isidis basins (Acuna et at., 1999). Note that 
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Figure I I. Core heat flow calculated for three models of heat transfer through Martian mantle con­
vection, the lithosphere growth model, the stagnant lid model, and the model with plate tectonics 
followed by stagnant lid convection. 

the stagnant lid model in particular and the lithosphere thickening model to a lesser 
degree require a substantial initial temperature difference between the core and the 
mantle because in these models cooling of the planet's deep interior is ineffective. 
This temperature difference may arise from a superheating of the core during core 
formation. Stevenson (1990) and Nimmo and Stevenson (2000) have argued that 
this superheating may be difficult to obtain because the Fe in the initial iron-silicate 
mixture may be finely distributed, and the Fe may be expected to be in thermal 
equilibrium with the silicates. Plate tectonics bring cold, near surface temperature 
material to the base of the mantle and cool the core more effectively than the other 
forms of heat transfer discussed above. The plate-tectonics model will have the 
least difficulty in explaining the strong early magnetic field of Mars. However, it 
is possible that the core contains some radiogenic heat sources as is thought to be 
possible for the Earth (e.g., Zindler and Hart, 1986; Breuer and Spohn, 1993) 

Chemical convection can drive a dynamo more effectively than thermal con­
vection (e.g., Braginsky, 1964; Stevenson et ai., 1983). While the conversion of 
thermal energy to magnetic field energy has a Carnot efficiency factor such as 
any other heat engine, a chemically driven dynamo has no similar restriction in 
efficiency. Chemical convection may arise when a solid core freezes in a core that 
contains some light alloying element. Sulfur is usually taken as the most likely can­
didate because it is cosmochemically abundant and because of its chemical affinity 
to Fe. If the core has a non-eutectic composition, buoyant fluid will be released 
as the inner core grows at the surface of the inner core and will drive convection 
even if the core is stably stratified against thermal convection. Schubert and Spohn 
(1990) have concluded from their thermal evolution models that the Martian core 
is likely to be entirely liquid if it contains'" 15 wt-% S, as data from the SNC 
meteorites suggest. A stagnant lid model predicts even greater temperatures in the 
lower mantle and core. A fluid core also results from the model with an early phase 
of plate tectonics. Thus a fluid core appears to be the simplest explanation for 
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the present absence of a magnetic field at Mars and its early magnetization. Note, 
however, that inviscid solutions of an aw geodynamo (Jault, 1996) indicate that 
the dynamo action may be strongly impeded and strong-field solutions may be 
prohibited if an inner solid core grows larger than 0.35 of the core size. 

Phase transitions in the Martian mantle and their interactions with the mantle 
flow may bring additional complexities to the evolution of the core and the mag­
netic field. Spohn et ai. (1998) have discussed how a possible perovskite layer 
may affect the thermal history of the core. It is quite well established and has been 
substantiated by 2D and 3D convection calculations reported in Breuer et ai. (1997) 
that the perovskite layer will actually reduce the heat flow from the core because 
the perovskite layer will form an additional (convective) layer between the mantle 
above and the core. Therefore, the hypothesis of an (early) perovskite layer will 
face the challenge of explaining the early strong dynamo if there was one. Core 
superheating during core formation and core heat sources are possibilities. The 
perovskite layer could provide an explanation for the magnetization of the Martian 
meteorites though. Their crystallization ages suggest that they were formed after 
the dynamo had been shut off. As discussed in Spohn et al. (1998) the perovskite 
layer may thin as the planet cools and eventually disappear because the transition 
is significantly temperature dependent. When the perovskite layer becomes so thin 
that it will no longer provide a barrier to the heat flow from the hot core, the heat 
flow may suddenly increase and may start or restart the dynamo thermally or per­
haps even chemically. A thermally driven dynamo, as model calculations suggest, 
may operate for a few 100 Myr before it (again) becomes extinct. A chemically 
driven dynamo would, however, be likely to operate to the present day. 

4. Concluding Remarks 

We have discussed the evolution of Mars making use of the results of recent space 
missions, the chemistry of Martian meteorites and new insights into the physics 
of mantle convection. Some of the new results such as the gravity data and the 
magnetic field data cannot be unambiguously interpreted and certainly open new 
questions. Moreover, the confidence in our evolution models is still limited at 
present mostly because of our ignorance in some key areas such as dynamo theory, 
rheology and the interplay between convection and tectonics. Still an improved 
understanding of the evolution of Mars emerges: The history of Mars apparently 
proceeds from still little understood planet formation and rapid early differentiation 
by core formation and perhaps primordial crust formation to an early phase during 
which the planet was very active. Much of the major features on Mars such as, for 
instance, the Tharsis bulge was formed then. This period, basically the Noachian, 
was probably characterized by magnetic field generation, vigorous volcanic and 
tectonic activity, perhaps even plate tectonics, and a surface heat flow similar to the 
one of the present Earth's continents. Thereafter, the activity declined to reach the 
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present day level. However, the recent past witnessed apparently more activity then 
was previously thought. This very likely includes recent volcanic activity. 

Future missions to Mars have a high potential for providing missing information 
that will help to complete the story of the evolution of Mars. In addition to the 
outstandingly important task of providing an absolute scale for timing events in 
Martian history, completing the present day picture of Mars will be extremely 
helpful. Among the expected and much needed data are a determination of the 
core radius and the state of the core. Is the core entirely liquid or is there a solid 
inner core? Moreover, an absolute determination of crust thickness by seismology 
will help to anchor the crust thickness maps derived from gravity just as stratig­
raphy will be anchored by absolute age measurements. Similarly, a few heat flow 
measurements will anchor the heat flow estimates from gravity. The discovery of 
crustal magnetization on Mars, of course, motivates the desire for a further more 
detailed look with increased resolution. For modeling, we will need some increased 
effort to come to grips with the effects of rheology, partial melting, and chemical 
layering on the evolution of a planet. While our understanding of the effects of 
temperature dependent rheology on the heat transfer properties and the cooling 
history of the Martian interior are definite accomplishments it is disturbing that the 
only planet we know in detail does NOT behave the way the theory predicts. For 
the Earth, we have some, but not a complete understanding of why. For Mars, as 
well as for Mercury, Venus and any other of the earthlike planets and moons we 
do not even know whether or not these planets behave like the model predicts. A 
better knowledge of the interior structure will help. 
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Abstract. Geological mapping and establishment of stratigraphic relationships provides an overview 
of geological processes operating on Mars and how they have varied in time and space. Impact craters 
and basins shaped the crust in earliest history and as their importance declined, evidence of extensive 
regional volcanism emerged during the Late Noachian. Regional volcanism characterized the Early 
Hesperian and subsequent to that time, volcanism was largely centered at Tharsis and Elysium, con­
tinuing until the recent geological past. The Tharsis region appears to have been largely constructed 
by the Late Noachian, and represents a series of tectonic and volcanic centers. Globally distributed 
structural features representing contraction characterize the middle Hesperian. Water-related pro­
cesses involve the formation of valley networks in the Late Noachian and into the Hesperian, an ice 
sheet at the south pole in the middle Hesperian, and outflow channels and possible standing bodies 
of water in the northern lowlands in the Late Hesperian and into the Amazonian. A significant part of 
the present water budget occurs in the present geologically young polar layered terrains. In order to 
establish more firmly rates of processes, we stress the need to improve the calibration of the absolute 
timescale, which today is based on crater count systems with substantial uncertainties, along with a 
sampling of rocks of unknown provenance. Sample return from carefully chosen stratigraphic units 
could calibrate the existing timescale and vastly improve our knowledge of Martian evolution. 

1. Introduction and Constraints on Geological Evolution 

Geological processes represent the major dynamic forces shaping the surfaces, 
crusts and lithospheres of planets. They may be linked to interaction with the atmo­
sphere (e.g., eolian, polar), the hydrosphere (e.g., fluvial, lacustrine), the cryosphere 
(e.g., glacial and periglacial), or with the crust, lithosphere and interior (e.g., tec­
tonism and volcanism) (Figure 1). Geological processes may also be linked to 
interaction with the external environment (e.g. impact cratering), and may vary in 
relative importance with time or at any point on the surface of a planet at a given 

Space Science Reviews 96: 263-292, 2001. 
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SOkm 
lapygia Olympus Mons 

Nanedi Vallis 

Figure 1. Examples of landforms produced by different geological processes and forming the units 
of the Martian crust, as seen in very high resolution Mars Orbiter Camera (MOC) images. a) Impact 
crater modified by dunes. MOC image MIO-03652; 279.l4W, 16.88S. b) Volcanic activity as exem­
plified by the 500-600 km diameter volcanic edifice Olympus Mons. MOC images 26301, 26302. c) 
Tectonic activity as exemplified by Alba Patera graben. MOC image M07-03562; 102.91 W, 30.42N. 
d) Fluvial activity as exemplified by Nanedi Vallis channel in the Xanthe Terra region. MOC image 
8704. 

time. For example, impact cratering was a key process in forming and shaping plan­
etary crusts in the first one-quarter of solar system history, but its global influence 
has waned considerably with time. 

The geological history of a planet can be reconstructed from an understanding 
of the products or deposits of these geological processes and how they are arranged 
relative to one another. The geological history of Mars has been reconstructed 
through careful mapping using the global Viking image data set to delineate ge­
ological units (e.g., Tanaka, 1986; 1990; Tanaka et ai., 1992; Scott and Tanaka, 
1986; Tanaka and Scott, 1987; Greeley and Guest, 1987), and superposition and 
cross-cutting relationships to establish their relative ages. Also important in estab-
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Figure 1. (continued) e) Periglacial features as exemplified by irregular depressions in the northern 
lowlands. MOC image M04-02077; 268.56W, 45.52N. f) Smooth deposits on the floor of the Hellas 
basin, interpreted as modified lake deposits. MOC image MOC2-277, 306.7W, 39.7S. g) Layering on 
a crater floor in western Arabia Terra. MOC image M09-0 1840; 7.33W, 8.34N. h) Eolian activity as 
exemplified by a major dune field in Nili Patera in Syrtis Major. MOC image FHA-0045I ; 292.93W, 
8.83N. 

lishing relative ages is the number of superposed impact craters on the surface of 
these units. Together these data have permitted the reconstruction of the relative 
geological history of Mars, establishment of the main themes in the evolution of 
Mars (Figure 2), and the relative importance of processes as a function of time. 
Three major time periods are defined during which the observed surface features 
and units have been formed: Noachian, Hesperian and Amazonian. The rocks em­
placed during these periods form systems and each system is subdivided into series 
with corresponding time units (epochs). 

But the evolution of a planet, the absolute ages of its events, the duration of the 
periods, and the phases of history cannot really be known without the pinning of 
the relative chronology to an absolute chronology. This step can be accomplished 
in several ways: first, if the flux of impact craters is known with certainty, as is gen-
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erally the case in the lunar environment, then the number of superposed craters can 
be equated with an absolute age. Secondly, units can be directly dated by returning 
samples from broad geological units which act as marker horizons. The absolute 
ages of several of these units constrain the ages of other units, and the crater flux 
can be calibrated to date other similarly cratered units more confidently. Due to the 
lack of samples from Mars whose context and provenance are known, the assign­
ment of absolute ages to the epochs based on crater densities depends on models 
to estimate cratering rates. Different earlier models have placed the Amazonian­
Hesperian boundary between l.8 - 3.5 Gyr and the Hesperian-Noachian boundary 
between 3.5 - 3.8 Gyr (Tanaka et al., 1992; Neukum and Wise, 1976; Hartmann, 
1978; Hartmann et al., 1981; Neukum and Hiller, 1981). Ages associated with 
Hartmann tended to be younger, and those associated with Neukum, older. As 
discussed below, Hartmann and Neukum (2001; Figure 14) have revisited this 
problem, placing the divisions between the Periods and Epochs generally within 
the ranges suggested by the earlier literature, but tightening the age constraints. 

2. Geological Processes and their Importance with Time 

2.1. IMPACT CRATERING 

Impact cratering dominates the character of Mars, especially the heavily cratered, 
old uplands (Figure 1; Strom et aI., 1992; Smith et al., 1999a; Kreslavsky and Head, 
1999,2000; Aharonson et al., 2001), and several large basins (Hell as and Argyre) 
dominate the topography of that part of the planet. Impact cratering causes the 
vertical excavation and lateral transport of crustal material, and the ejecta deposits 
in younger craters provide important information on the nature of the substrate 
and of the cratering process. Impact craters have also provided geothermal sites 
due to heating and impact melt emplacement, penetrated the cryosphere to release 
groundwater, and served as sinks for ponded surface water (e.g., Carr, 1996; Cabrol 
and Grin, 2001). 

Impact cratering is also important in terms of chronometric information. Papers 
in Part I of this volume review the methodology. Using this system, Hartmann 
and Neukum (2001) show that appreciable areas of late Amazonian young lavas 
and other units have ages in the range of a few 100 Myr, agreeing with martian 
meteorite ages, while, at the other end of the time scale, most of the Noachian 
dates before 3.5 Gyr ago. 

Hartmann and Neukum (2001) use the Tanaka et al. (1987) tabulation of areas 
(km2) resurfaced by different geological processes in different epochs, to graph the 
rate of resurfacing by those processes as a function of time. A consistent result 
from those diagrams is that many endogenic processes, including volcanic and 
fluvial resurfacing, show much stronger activity before roughly 3 Gyr ago, and 
decline, perhaps sharply, to a lower level after that time. Those results support 
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Mars: Major events in geological history 
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Figure 2. Geologic features formed and processes operating during the major periods of Martian 
history, the Noachian, Hesperian, and Amazonian. Derived from Scott and Tanaka (1986), Tanaka 
and Scott (1987) and Greeley and Guest (1987). 
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many suggestions (Jones, 1974; Soderblom et al., 1974; Chapman, 1974; Hart­
mann, 1971, 1973; Neukum and Hiller, 1981) that Martian geological processes 
were more active in the early part of Martian history, and declined, perhaps rapidly, 
at the end of that period. The results also show the great advance to be made if the 
dates of the stratigraphic epochs could be measured with lower uncertainties, since 
the detailed history of various processes (Figure 2) could then be deciphered. 

2.2. VOLCANISM 

Mariner 9 provided the first clear evidence for the importance of volcanic processes 
in the history of Mars (McCauley et aI., 1972; Carr, 1973). Images revealed shield 
and dome volcanoes of the Tharsis and Elysium regions, extensive lava plains, 
and numerous other features of volcanic origin, including low-profile contructs, 
called patera, characterized by central craters and radial channels. Subsequently, 
data from the Viking Orbiters (Carr et aI., 1977b) allowed mapping and character­
ization of the extent, timing, and styles of volcanism on Mars (Figure 1; Greeley 
and Spudis, 1978, 1981; Mouginis-Mark et aI., 1992; Greeley et al., 2000). High 
resolution images (Malin et al., 1998) (Figure 1), information on surface composi­
tions (McSween et aI., 1998), and topographic data (Smith et al., 1998, 1999a, b) 
from the Mars Global Surveyor (MGS) permit comparison of Martian volcanism 
with theoretical analysis of the ascent and eruption of magma on Mars (e.g., Wilson 
and Head, 1994). 

Although much of the ancient crust of Mars is likely to be of volcanic origin, 
obvious morphological features, such as flows and structures which might be vents, 
are not seen in images of the oldest martian terrains. Nonetheless, by analogy with 
the early history of the Earth and the Moon (SWffler and Ryder, 2001) and from 
models for Mars (Spohn et aI., 2001), magmatic activity was probably involved 
in the formation of the crust. Moreover, Thermal Emission Spectrometer (TES) 
data suggest primarily basaltic compositions for the martian highlands where most 
of the ancient crust is found (Christensen et aI., 2000). Subsequent geological 
processes, including those associated with wind and water, have modified the high­
lands so extensively that morphological traces related to early putative volcanism 
are not readily found with currently available data. 

The first recognized volcanic features are the paterae in the Hellas region, e.g. 
Tyrhenna, Hadriaca, Amphitrites, and Peneus Paterae (Greeley and Spudis, 1978). 
The first two have been observed in sufficient detail to derive their volcanic history. 
Early eruptions seem to have involved magmas rising through water-rich megare­
golith (Crown and Greeley, 1993), leading to extensive phreatic-magmatic activity 
and the emplacement of ash shields, the presence of which is suggested by the style 
of erosion on the flanks of the patera. These eruptions were apparently followed by 
effusive activity, emplacing complex sequences of flows which radiate from central 
calderas. 
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Alba Patera is a central vent structure covering more than 4.4 x 106 km2, making 
it one of the largest volcanoes in the Solar System. It is composed of tube-and­
channel fed flows and flows emplaced as massive sheets. It contains a caldera some 
100 km across, the floor of which includes small cones of probable spatter and 
pyroclastic origin (Cattermole, 1987). 

The most impressive volcanoes on Mars are in the Tharsis and Elysium regions, 
where more than a dozen major constructs exist, including classic shield volca­
noes. High-resolution images show that these volcanoes were built from countless 
individual flows, many of which were emplaced through channels and lava tubes, 
signaling a style of volcanism analogous to Hawaiian eruptions (Greeley, 1973). 
Complex summit calderas suggest multiple stages of magma ascent and withdrawal 
(Crumpler et at., 1996). The flanks of many of the volcanoes are marked by terrain 
which appears to have failed by gravitational collapse, leaving mass wasted de­
posits covering hundreds of square kilometers in some cases. Some of the deposits 
in the Elysium region have a morphology suggestive of lahars, i.e., to have been 
emplaced as water-rich slurries (Christensen, 1989). The subdued appearance of 
some of the Elysium volcanic summits has been proposed as pyroclastic material, 
suggesting Plinian styles of eruption (Mouginis-Mark et at., 1988). 

By far the greatest areal extent and inferred volume of volcanic materials on 
Mars are found in the various plains, the youngest of which show flow fronts 
and embayment into older terrains (Greeley and Schneid, 1991). These materials 
likely represent high-volume flood eruptions. The extensive ridged plains, typified 
by Hesperia Planitia, are more difficult to interpret. Characterized by "wrinkle" 
ridges, these units resemble mare basalts on the Moon. TES data suggest basaltic 
compositions in contrast to the younger northern plains which have more siliceous 
composition (Christensen et ai., 2000), suggesting magma evolution with time. 

In addition to these major volcanoes and plains units, a wide variety of smaller 
volcanoes and volcanic features are recognized on Mars, including possible com­
posite cones found in the highlands, small shield volcanoes (many of which have 
associated flowlike channels), and fields of small cones with summit craters, simi­
lar to pseudocraters in Iceland, which result from local phreatic eruptions as lavas 
flow over water-logged ground (Frey et ai., 1979). 

In summary, volcanic processes appear to have operated throughout the history 
of Mars and could possibly be active today (Hartmann and Berman, 2000; Keszthe­
lyi et at., 2000). Although from the morphologies of the flows and most of the 
volcanoes basaltic compositions are inferred to be dominant, remote sensing data 
from orbit and measurements made on the surface by Mars Pathfinder suggest that 
slightly more evolved magmas might also have been present in the evolution of the 
surface (see discussion in Bibring and Erard, 2001). 

The generation of magma and its extrusion onto the surface through volcanism 
is a direct indicator of interior activity. Age, location, and type of volcanic materials 
give insight into the evolution of the interior. Volcanism has dominated much of the 
history of Mars. Nearly half of its surface has materials inferred to be of volcanic 
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origin (Greeley and Spudis, 1978; Mouginis-Mark et aZ., 1992; Greeley et aZ., 
2000). These materials form either central volcanoes, such as the shields in the 
Tharsis region, or vast plateaus formed by the eruption of flood lava flows. From 
geological mapping of the areal extent of various volcanic deposits through time, 
coupled with estimates of the thicknesses of the deposits, the volumes of volcanic 
materials produced on Mars. Greeley and Schneid (1991) assumed a ratio of intru­
sive to extrusive materials of 8.5 to 1 (based on values for the Earth) and estimated 
a total magma volume of 6.54 x 1 (jl km3. For the 3.8 Gyr age-span of the volcanic 
materials analyzed, this gives a magma production rate of "'-'0.17 km' yC 1. Note 
that uncertainties in the derivation of these estimates include poorly constrained 
values for thicknesses and the fact that the intrusive to extrusive ratio might be 
different on Mars. The values based on photog eo logic mapping can be refined 
through the application of MGS data, including topographic information. 

The recent identification in Mars Observer Camera (MOC) images of exten­
sive thin layering in the walls of Valles Marineris suggests that volcanism in the 
Noachian has been much more extensive than previously recognized (McEwen et 
ai., 1999). If these layers are flood lavas, as suggested by their morphology, the 
volume of material increases the magma volume discussed above by an order of 
magnitude. Furthermore, if most of this volcanism is Noachian in age as suggested 
by the mapping (McEwen et aZ., 1999), a peak in the volcanic output occurred in 
the Noachian, with a general decrease with time. 

2.3. TECTONISM 

The morphology of the martian surface as observed in imaging data provides ample 
evidence for tectonic processes (e.g., Carr, 1981; Banerdt et aZ., 1992; Figure O. 
Brittle failure of the crust and the lithosphere is indicated by a variety of structural 
features, both extensional (simple graben, complex graben, rifts, tension cracks, 
troughs, and polygonal troughs) and compressional (wrinkle ridges, lobate scarps). 
While the relative ages of the features and, therefore, the processes responsible for 
their formation may be dated by structural mapping and crater counts, additional 
information on topography and gravity is required to model loads and to derive 
stresses in the lithosphere (Golombek and Banerdt, 1999). 

Global-scale processes like thermal contraction cooling, despinning, or polar 
wandering cause stresses in the lithosphere of a planet. While such processes may 
have operated on Mars, tectonic evidence for them is weak or ambiguous (Banerdt 
et ai., 1992). The global dichotomy is the most fundamental physiographic feature 
on the planet and formed early in Martian history. Exogenic processes (i.e. one or 
several mega-impacts, Wilhelms and Squyres, 1984; Frey and Schultz, 1988) have 
been invoked to account for it, but recent Mars Orbital Laser Altimeter (MOLA) 
investigations (Smith et ai., 1999a, b) did not find any single or several large circu­
lar topographic depressions to confirm this hypothesis (except for the Utopia basin, 
which had been speculated to be an impact basin even in the pre-MGS era; McGill, 
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1989). Endogenic processes seem to offer attractive alternatives, and a variety of 
convection or subduction mechanisms has been proposed. A plate- tectonics sce­
nario has been suggested to explain many of the surface features in and around the 
northern lowlands (Sleep, 1994). Unfortunately, little photogeo10gic evidence sup­
ports the suite of features that would be expected to be observed at the various plate 
tectonic boundaries defined in Sleep's model (Pruis and Tanaka, 1995; Tanaka, 
1995). Detailed structural mapping of key locations (e.g. the dichotomy boundary) 
required to further test the hypothesis is underway with new MGS data (Turcotte, 
1999). An ancient phase of plate tectonics has also been proposed to explain a 
group of magnetic anomalies in a portion of the cratered highlands (Connerney 
et aI., 1999), although many alternate hypotheses are being considered to explain 
these features. 

Most graben on Mars are narrow (few km wide) and long ( ~ 10- 100 km) struc­
tures bounded by inward dipping normal faults (Banerdt et al., 1992). Wider (up 
to 100 km) and deeper structures (many km), more analogous to rifts on the Earth 
that rupture the entire lithosphere, are found in Tempe Terra, Valles Marineris, and 
Thaumasia. Linear to arcuate asymmetric topographic highs ("wrinkle ridges") are 
the most common compressional structures and form patterns of distributed com­
pressional deformation (e.g., Chicarro et al., 1985; Watters and Maxwell, 1986; 
Watters, 1988, 1993; Plescia and Golombek, 1986; Golombek et al., 1991). Schultz 
and Tanaka (1994) have reported a system oflarge compressional ridges and buck­
les with greater strain in Noachian terrain to the south and southwest of Tharsis, 
and topographic data of the northern plains show a system of ridges generally 
concentric to Tharsis (Smith et aI., 1999a; Head et al., 2001). 

Regional-scale deformation seems to be responsible for most of the observed 
tectonic features. While minor faulting patterns are associated with the Elysium 
volcanic province and some impact structures, by far the dominant element in 
martian tectonics is the Tharsis bulge (e.g. Carr, 1981, Banerdt etal., 1982, 1992; 
Golombek and Banerdt, 1999). In particular, a plethora of extensional structures 
(simple and complex graben, rifts, and troughs) radiate outwards from Tharsis. 
Additionally, Tharsis is the center of a concentric pattern of compressional struc­
tures (wrinkle ridges) (Lucchitta and Anderson, 1980; Maxwell, 1982; Chicarro et 
al., 1985). Several processes have been proposed to explain the formation of the 
huge topographic bulge: Domal uplifting (e.g. Phillips et aI., 1973; Carr, 1973; 
Hartmann, 1973), magmatic intrusion (Sleep and Phillips, 1979, 1985; Willeman 
and Turcotte, 1982), and volcanic loading (Solomon and Head, 1982). For reviews 
of Tharsis stress models see Carr (197 4b), Banerdt et al. (1982; 1992), Sleep and 
Phillips (1979), Solomon and Head (1982), Mege and Masson (1996a), Golombek 
and Banerdt (1999), and Banerdt and Golombek (2000). Prior to the MGS mission 
the formation of the extremely large system of graben (radial graben occur both 
on the elevated flanks of Tharsis and in regions outside Tharsis; Tanaka et aI., 
1991) was explained with models that require two distinct stress states. The then 
available topographic and gravity data implied isostatic conditions to generate the 
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TABLE I 

Major stages and locations of magmatic and tectonic activity in Tharsis (after Anderson and Dohm, 
2000). 

Stratigraphy( I) Age(2) Centers of local 

(Gyr before present) and regional activity 

Stage I 

Stage 2 

Stage 3 

Noachian 
Late Noachian - Early Hesperian 

Early Hesperian 

Stage 4 Late Hesperian - Early Amazonian 

Stage 5 Middle - Late Amazonian 

(l) after Tanaka (1986) 
(2) after Hartmann and Neukum (2001) (this volume) 

4.65-3.7 

3.8-3.6 

3.7-3.6 

Claritas, Tempe, Ascraeus 

Valles Marineris, Thaumasia, 

Warrego Valles 

Syria NW, Tempe, Ulysses, 

Valles Marineris 

3.6-2.1 Alba, Tempe NW, Tempe SE 

2.1-0 Pavonis, Tharsis Montes 

graben on the flanks, while flexure was invoked to explain those farther out. How­
ever, the considerable improvement in the topography (Smith and Zuber, 1999) 
and gravity (Zuber and Smith, 1999) fields provided by MGS changed that view: 
Recent models of the lithospheric support of Tharsis based on topography, gravity, 
and structural mapping suggest that flexure alone can explain the structural pattern 
(Banerdt and Golombek, 2000). Many radial graben may also be the surface man­
ifestation of dikes propagating from magmatic centers in central Tharsis (Wilson 
and Head, 2000; 2001). 

The overall scheme of Tharsis as being the center of volcano-tectonic activity 
on Mars throughout most of its history is complicated by the fact that there are 
several local and regional sub-centers within Tharsis (Anderson and Dohm, 2000). 
A regional variation of Tharsis-re1ated deformation is also in agreement with new 
modeling results (Banerdt and Golombek, 2000) which attribute the extensional 
faults within Tharsis (which previously seemed to be incompatible with pure load­
ing models) to such variations unresolved in the pre-MGS data sets. Such centers 
of extensional as well as compressional features seem to have changed in space and 
time. Several studies tried to decipher the tectonic record in and around Tharsis as 
provided by surface faults (e.g. Wise et ai., 1979a, b; Plescia and Saunders, 1982; 
Watters and Maxwell, 1983, 1986; Tanaka and Davis, 1988; Golombek, 1989; 
Tanaka, 1990; Tanaka et ai., 1991; Schultz, 1991; Scott and Dohm, 1990; Mege 
and Masson, 1996b; Schultz, 1998; Dohm and Tanaka, 1999). Statistical analyses 
of recent hemispheric-scale structural mapping (Anderson et ai., 1998) indicate five 
measurable successive stages of volcano-tectonic activity within Tharsis (Table I) 
(Anderson and Dohm, 2000). 

To summarize Martian tectonism, mapping of geologic and tectonic activity 
(e.g., Carr, 1974a, 1974b; Wise et ai., 1979a, 1979b; Plescia and Saunders, 1982; 
Scott and Dohm, 1990; Tanaka et ai., 1991; Banerdt et ai., 1992; Frey, 1979) within 
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the stratigraphic framework of Mars (Tanaka, 1986, 1990; Scott and Tanaka, 1986, 
Tanaka and Davis, 1988, Tanaka, 1990; Dohm and Tanaka, 1999) has revealed a 
complex structural history involving five stages of tectonic activity with changes in 
the derived centers of activity through time (Anderson et at., 2000). More than half 
of the structures mapped on Mars are Noachian in age (stage 1; >3.8 - 4.3 Gyr), 
concentrated in exposures of Noachian age crust exposed in Tempe Terra, Cer­
aunius Fossae, Syria Planum, Claritas Fossae, Thaumasia, and Sirenum. By Late 
Noachian-Early Hesperian (stage 2) activity was concentrated in Thaumasia and 
Valles Marineris. Middle Hesperian (stage 3) included the development of concen­
tric wrinkle ridges concentrated along the edge of the topographic rise, although 
wrinkle ridge development may have continued later due to global compression 
(e.g., Tanaka et at., 1991). Normal faulting during this time also occurred north of 
Alba, in Tempe Terra, in Ulysses Fossae, in Syria Planum and Valles Marineris, 
and in Claritas Fossae and Thaumasia. Stage 4 activity during the Late Hesperian­
Early Amazonian was concentrated in and around Alba Patera and Middle to Late 
Amazonian activity (stage 5) was concentrated on and around the Tharsis Montes 
volcanoes with additional activity in Elysium Planitia along Cerberus Rupes. All 
of these events produced radial graben centered at slightly different locations (local 
centers of volcanic and tectonic activity) within the highest standing terrain of 
Tharsis, indicating that the basic loading pattern of Tharsis has changed little since 
the Middle Noachian (Anderson et at., 2000). 

Lithospheric deformation models based on MGS gravity and topography appear 
to have simplified the stress states required to explain most of the tectonic features 
around Tharsis (Banerdt and Golombek, 2000). Flexural loading stresses based on 
present day gravity and topography appear to explain the type, location, orientation 
and strain of most tectonic features around Tharsis (Banerdt and Golombek, 2000). 
These models require the load to be huge (of the scale of Tharsis and thus large 
relative to the radius of the planet) and the mapping requires the load that caused 
the flexure to have been in place by the Middle to Late Noachian (>3.8 - 4.3 Gyr), 
with minor changes since that time. Fine layers within Valles Marineris revealed 
by the Mars Orbiter Camera have been interpreted as being lava flows that are Late 
Noachian or older (McEwen et ai., 1999). These volcanics are therefore likely the 
load that caused the flexure around Tharsis. This enormous load appears to have 
produced a flexural moat, which shows up most dramatically as a negative gravity 
ring, and an antipodal dome that explains the first order topography and gravity 
of the planet (Phillips et at., 2001). New altimetric data provide evidence that 
the circum-Tharsis mid-Hesperian wrinkle-ridge system extends into the northern 
lowlands, a radius of7000 km from the center of Tharsis (Head et at., 2001). Many 
ancient fluvial valley networks, which may have formed during an early warmer 
and wetter period on Mars, flowed down the present large-scale topographic gra­
dient, further arguing that Tharsis loading was very early (Phillips et ai., 2001). 
It is in fact possible that the formation of Tharsis actually produced this early 
warmer and wetter environment. If the load is composed of volcanics as suggested 
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by fine layers within Valles Marineris (McEwen et at., 1999), water released with 
the magma would be equivalent to a global layer up to 100 m thick, which could 
have had a significant impact on the martian climate (Phillips et at., 2001). 

2.4. FLUVIAL FEATURES AND PROCESSES 

Mariner 9 images in 1972 first showed giant channels and smaller branching valley 
networks on Mars, and Viking provided more detail indicating many flow-like fea­
tures (Figure 1), which seemed to be formed by running water (e.g., Masursky et 
at., 1977; Baker and Kochel, 1979; Pieri, 1980; Carr, 1981). Present-day conditions 
on Mars preclude liquid water flowing on the surface, however, liquid water may 
have existed on the surface in the past (e.g., Sharp and Malin, 1975; Carr, 1981, 
Mars Channel Working Group, 1983; Baker et aI., 1992). Alternatives to water 
for the outflow channels have been proposed (lava flows, winds, debris flows and 
liquid hydrocarbons; Carr, 1974a, b; Schonfeld, 1976; Cutts and Blasius, 1981; 
Nummedal, 1978; Nummedal and Prior, 1981; Yung and Pinto, 1978), but none of 
these theories explains the formation of the associated flow-like features as readily 
as water (e.g., Baker et aI., 1992; Carr, 1996; Lucchitta and Anderson, 1980). Most 
workers account for the observed channel features as due to the catastrophic release 
of groundwater under stable, metastable or non-stable surface conditions for liquid 
water. Masson et al. (2001) give a more thorough discussion of fluvial features 
such as outflow channels and valley networks. 

The valley networks are almost entirely restricted to the old uplands and the 
simplest explanation is that the valleys are old themselves and the climatic re­
quirements for valley formation were met early in the planet's history and rapidly 
declined during the subsequent evolution. A warmer, wet Mars with a dense at­
mosphere at the time after the heavy bombardment is supposed to provide the 
conditions for valley formation by running water (Malin and Edgett, 1999). Based 
on the evaluation of high resolution MOC images Malin and Edgett (1999; Carr 
and Malin, 2000) concluded that the valleys were formed by fluid erosion, and in 
most cases the source was ground water. 

A detailed review on the current knowledge about the ages of the fluvial features 
is also given by Masson et al. (2001). We only refer to a few results here: The 
relatively small size of Martian valleys, the modification by aeolian processes, and 
restrictions by the resolution and coverage of existing images makes it difficult to 
use crater counting for age determination. Thus, only a small number of channels 
and almost no valley networks are dated by this method. For instance, Neukum 
and Hiller (1981) have estimated crater retention ages of the floors of particular 
channels and their significantly older surroundings. The number of craters in the 
surroundings and the number representing a younger resurfacing period translates 
to crater model ages of a few Gyr. Neukum and Hiller (1981) also show a sequence 
of the circum-Chryse valleys with most of the Kasei Vallis floors being oldest fol­
lowed by the mouth of Maya Vallis, Ares Vallis, Tiu Vallis and the mouth of Kasei 
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as the youngest unit in this area. Channels on volcanoes are too small for crater 
counting on their floors but they dissect volcanic units (for example at the flanks 
of Alba Patera) and are considered to be as young as a few 100 Myr (Gulick and 
Baker, 1990). In general, although valley networks are found on units that range 
in age from Noachian to Amazonian (Scott and Dohm, 1992; Carr, 1995), they 
are predominantly in the oldest units (Noachian). Formation of outflow channels 
appears to have peaked in the late Hesperian. 

The distribution of channels in time can also be analyzed using relative superpo­
sition and intersection relationships (Ivanov and Head, 2001). For example, Nelson 
and Greeley (1999) mapped the circum-Chryse channels in detail and found the 
youngest units of different channels, ranging from Mawrth and Ares Vallis oldest, 
followed by Tiu and Simud Vallis to Shalbatana Vallis and the youngest channel 
units exposed at the mouth of Kasei Vallis, indicating that the last flood events of 
each channel were younger from east to west around Chryse. 

Relatively young small-scale alcove-like gullies combined with small channels 
and aprons in the walls of impact craters, south polar pits and two of the larger 
valleys indicate even more recent groundwater seepage and probably short-term 
surface runoff under almost current climatic conditions (Malin and Edgett, 2000). 
These are discussed in more detail by Hartmann (2001). 

2.5. PERIGLACIAL AND GLACIAL LANDFORMS AND PROCESSES 

Freezing and thawing of the ground and the presence of permanently frozen ground 
or permafrost (Tricart, 1968; 1969) are the characteristics of periglacial surfaces on 
Earth. A number of Martian surface features seen in Mariner 9 and Viking Orbiter 
imagery have been attributed to periglacial or permafrost processes (Figure 1). 
Although there are analogies between terrestrial periglacial features and Martian 
landforms it has to be kept in mind that these landforms are the result of freeze­
thaw cycles in the active layer above the permanently frozen ground which is 
not possible under the present climatic conditions on Mars (e.g. Carr, 1996). In 
addition, the dimensions of most of the periglacial-like features are one or more 
orders of magnitude larger than those on Earth. All types of terrain softening are 
mostly seen in a latitudinal belt between 30' and 60°. A detailed description of 
these landforms as geomorphologic evidence for liquid water on Mars and many 
references are given in the accompanying paper by Masson et al. (2001). 

One of the periglacial landforms are the lineated valley fills which to some 
extent resemble terrestrial median moraines on glaciers. However it is not clear to 
what level transverse versus longitudinal flow contributed to the generation of the 
lineations. They are found at the upland/lowland boundary on Mars, where lobate 
debris aprons with well defined flow fronts and convex-upward surfaces extend 
from the highlands and from isolated mesas into the low-lying plains (Mangold 
and Allemand, 2001; Carr, 2001). In valleys, opposing scarp walls confine material 
flows and the flow fronts converge, resulting in ridges and grooves, commonly 
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called lineated valley fill. In some places, terrain softening appears also in craters 
where material has obviously moved down the inner crater wall and probably forms 
concentric crater fill. Another periglacial landform on Mars is the viscous flow of 
ice-lubricated debris, also compared to rock glaciers. These features are flow-like 
but the rheology and composition of the ductile material is not clear (e.g. ice versus 
CO2 clathrate hydrate; Hamlin et al., 2000). The ejecta of so-called rampart craters 
on Mars are marked by distinct lobes and provide strong evidence for subsurface 
ice or water (Strom et al., 1992; Mouginis-Mark, 1979; Barlow, 1988; Schultz and 
Gault, 1979). The lobes seem to flow around pre-existing obstacles and are outlined 
by a low ridge or rampart. Viking imagery showed fractured plains marked by giant 
polygons 30 km across, thought to originate from the cooling and fracturing of ice 
rich sediments and/or self-compaction and accommodation to the underlying ter­
rain, or the desiccation of wet sediments deposited by water from the giant outflow 
channels (see review in Hiesinger and Head, 2000). Polygons of much smaller 
sizes (diameters of 10 - 100 m) are also observed on Mars. They are interpreted to 
be the result of thermal contraction in ice-rich soils based on the similar scales as 
compared to terrestrial ice-wedge polygons (Mellon and Jakosky, 1995). 

Other periglacial or glacial landforms on Mars are thermokarsts, frost mounds, 
eskers, and moraines (Masson et ai., 2001, and references therein). Among these, 
the most convincing morphological evidence for ancient glaciation on Mars are 
the eskers (e.g. Carr et ai., 1980), which are long sinuous ridges mainly found in 
mid and high latitudes. It seems most plausible that those features formed analo­
gously to terrestrial eskers, as a result of infillings of ice-walled river channels by 
subglacial, englacial, or supraglacial drainage networks. Recent MOLA measure­
ments of the heights and widths of the largest Martian features are consistent with 
the esker hypothesis (Head, 2000a; b). Kargel and Strom (1990) argued that only 
glaciation can account for features covering wide areas in Argyre, Hellas, and the 
south polar region in a simple and unifying way. 

2.6. LAKES AND OCEANS 

Numerous craters in the uplands of Mars show flat floors and channels entering the 
crater, and apparently sediment was deposited there (Figure 1). Numerous workers 
have proposed that these regions were the sites of standing bodies of water or 
lakes (e.g., Carr, 1996). Recent MOC data show evidence for layered deposits in 
many impact craters, suggesting that standing bodies of water occurred in these 
locations (e.g., Malin and Edgett, 2000). Such locations have been cataloged and 
are abundant and widespread (e.g., Cabrol and Grin, 2001). Lake sediments are 
also thought to characterize the floor of Valles Marineris (Lucchitta et al., 1992). 

Large outflow channels emptied into the northern lowlands and their floods (e.g. 
Lucchitta et al., 1986) must have left extended deposits, large lakes, and possibly 
oceans. The water released by the outflow channels into the northern plains is 
estimated to amount to at least 6 x 106 km3 but probably more (Carr et al., 1987). 
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Baker et al. (1991) calculated that 6 x 107 km3 of water was needed to fill up the 
northern plains. The northern plains cover an older rougher terrain that survived 
as hills and knobs commonly outlining old pre-plains impact craters. The plains 
are complex deposits probably formed by many processes, such as sedimentation 
from outflow channels, volcanism and mass wasting from the adjacent highlands 
modified by impact craters. Recent analyses using altimetry data suggest that the 
present surface deposits (mostly the Hesperian-aged Vastitas Borealis Formation) 
are underlain by early Hesperian ridged plains of volcanic origin, and the overlying 
Vastitas Borealis Formation is at least 100 meters thick (Head et al., 2001). Many 
of the detailed surface features seen in MOC images seem to be recent and formed 
by action of ground ice and debris mantles (see Kreslavsky and Head, 2000). 

Some features surrounding the northern plains form contacts interpreted as an­
cient shorelines (Parker et al., 1989, 1993) marking the boundaries of former lakes 
or a northern ocean. Analysis of the elevations of the contacts and surface rough­
ness using MOLA data show that the oldest contact interpreted to be a shoreline 
varies widely and is not a good candidate for an equipotential line. The younger 
contact also shows variations but is closer to an equipotential line (Head et aI., 
1999). In addition, the plains inside these contacts are extremely smooth. Thus, 
some of these data are consistent with the presence of a large standing body of 
water, while others are not (Head et al., 1999). 

If there were standing bodies of water in the northern low lands in the past, under 
current climate conditions such lakes or oceans would rapidly freeze and form an 
ice cover (e.g., Kargel et al., 1996; Clifford and Parker, 1999). However they could 
stabilize if fed by meltwater or groundwater (McKay and Davis, 1991). Outflow 
channels, their source regions, and termination areas in the northern lowlands, 
provide the best evidence for surface water on Mars and a widespread groundwater 
system. The outflow channels could form by running water under current climatic 
conditions because the volume and flux of released water can change the atmo­
sphere sufficiently to prevent freezing and sublimation at least during the relatively 
short periods of flooding (Carr, 1979, 1995; Gulick et al., 1997). Again, for this 
topic we also refer to Masson et al. (2001). 

2.7. AEOLIAN PROCESSES 

Wind processes dominate the current Martian environment in the absence of known 
or abundant active volcanism, tectonism, and running water on the surface (Greeley 
et aI., 1993). Despite the tenuous C~ atmosphere (average surface pressure is 
6.5 mb), winds are capable of setting large quantities of dust into motion, at times 
obscuring the surface from view from orbit. A century of earthbased observations 
as well as surface monitoring from orbit show that aeolian processes, such as dust 
storms, occur predominantly in the southern hemisphere summer. However, data 
obtained from the Viking orbiters and MGS, and measurements made by the Path­
finder and Viking landers show that aeolian activity can also occur at other seasons. 
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Particles are transported by the wind in three modes: suspension (dust particles, 
which on Mars are a few Mm in diameter), saltation (which involves sand, or grains 
"'-'0.6 - 2 mm in diameter), and creep (grains larger than a few mm), depending 
upon wind strength. According to Greeley et al. (2001), fine sand "'-'80 - 100 Mm 
in diameter is most easily moved by the lowest strength winds. 

A wide variety of wind related features is seen from orbit and from landers 
(Figure 1; Greeley et ai., 2001). These include wind depositional features, such 
as dunes, and wind erosional features, including sculpted hills termed yardangs. 
The most common aeolian feature seen from orbit are various albedo patterns 
(such as wind streaks) which change with time, while common features seen on 
the surface include deposits associated with rocks, called wind tails. Both wind 
tails and wind streaks are considered to represent the prevailing winds at the time 
of their formation and can be mapped to infer wind directions. 

Wind streaks occur in several forms, including bright features which appear to 
be stable over periods of years and dark streaks, some observed to have changed 
in as little as 38 days (Greeley et al., 2001). Many bright streaks are thought to be 
dust deposited in the waning stages of dust storms, while dark streaks appear to 
result from erosion of windblown particles, exposing darker substrate, or leaving 
a lag deposit of lower albedo material on the surface. General circulation models 
(GeMs) of the atmosphere show that bright streaks correlate with predicted re­
gional wind directions (Greeley et ai., 1993). Dark streaks appear to be influenced 
more by local topography than by regional wind patterns. 

Images from MGS (Edgett and Malin, 2000) show that mantles of windblown 
materials, inferred to be dust deposits settled from suspension, can form both 
bright and dark surfaces. Similarly, dunes and duneforms also occur as both bright 
and dark features. These observations suggest a variety of source material for 
windblown sand and dust, including weathered and unweathered mafic rocks. 

As long as Mars has had an atmosphere and loose particles on its surface, it is 
likely that aeolian processes have operated. Deposition of windblown sediments 
to form mantling blankets provides a mechanism of "resurfacing", while aeolian 
deflation of sediments has the potential to exhume formerly buried surfaces. The 
resurfacing and exhumation involve depths up to at least a few km (Malin and Ed­
gett, 2000). Greeley et al. (2001) emphasize that resurfacing and exhumation must 
be taken into account in estimating surface ages based on impact crater statistics. 

On Earth, eolian features and deposits provide clues to past climates. A similar 
potential exists on Mars. For example, recent analysis of duneforms, windstreaks, 
and eroded craters seen from orbit and ventifacts studied on images from the 
Mars Pathfinder lander suggest the presence of a paleowind regime (Kuzmin et al., 
2001). Because eolian activity is dependent on the wind regime, potential periods 
of more active eolian processes in the past could signal the presence of a higher 
density atmosphere because the threshold winds for sand and dust transport would 
be lower. Thus, analyses of present and past eolian activity can give new insight 
into the evolution of the Martian surface and climate. 
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3. Integrated Geological History and Relation to the Evolution of Mars 

Initial differentiation, core and crustal formation occurred very early in the history 
of Mars prior to the time of the visible record seen in presently preserved surface 
geological units as confirmed from geochemical/geophysical data by Halliday et 
al. (2001). The magnetic field persisted for a long enough time period to form the 
magnetic fabric of the southern uplands, apparently prior to the Hellas and Argyre 
basins (Connerney et al., 1999). The Noachian Period (Figure 2) was the time 
of significant impact bombardment modifying this crust, the formation of large 
basins, and the emplacement of highland plains in lows and plateaus. The origin 
of these smooth plains is uncertain because of poor preservation and mantling, but 
it is likely that many of them are of volcanic origin because of the higher thermal 
fluxes typical of the earlier history of Mars. 

The northern lowlands formed during the early part of the Noachian, but the 
nature of its origin (external impacts or internal processes) still remains to be de­
termined. Any theory for formation of the northern plains must reconcile the major 
geological differences between the northern lowlands and the southern uplands as 
well as distinctive differences in average crustal thickness (e.g., Zuber et al., 2000). 
One possibility is that the lowlands result from thinning associated with magma 
ocean cumulate overturn (Hess and Parmentier, 2001). 

Recent analyses of the northern lowlands suggests the presence of early Hespe­
rian ridged plains lying below the late Hesperian sedimentary veneer of the Vastitas 
Borealis Formation (Frey et at., 2001; Head et al., 2001). Detection of numerous 
large, shallow basins in the northern plains (Frey et al., 2001) suggests that the 
early Hesperian rigded plains are no more than 1 km thick and underlain by an 
early Noachian heavily cratered surface. 

Tectonic activity in the Noachian is seen in the form of tectonic structures south 
of Hellas and in Acheron and Claritas Fossae. There is also growing evidence that 
the Tharsis rise underwent considerable construction and tectonic activity during 
the Noachian and may have been almost fully developed in shape and scale by the 
end of the Noachian. Emplacement of ridged plains of apparent volcanic origin 
had begun by the late Noachian. Extensive erosion of the heavily cratered terrain 
occurred during this time and extensive blankets of debris were emplaced at high 
southern latitudes. 

A fundamental question about Mars is whether it was warm and wet in its early 
history. Evidence for water on the surface may be seen in the form of the extensive 
debris mantles and the presence of valley networks. Originally thought to represent 
the result of precipitation and surface runoff, valley networks are now considered 
by a number of researchers to have formed as a result of groundwater sapping 
processes. If this interpretation is correct, then it places the formation of the aquifer 
from which the sapping originates further back in the history of Mars. Presently, 
there is no compelling direct surface geological evidence to support a warm, wet 
early Mars. 
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The Hesperian Period (Figure 2) marks a critical transition from the Noachian 
early history characterized by high thermal fluxes and heavy cratering rates, to the 
later low volcanic and impact fluxes of the Amazonian. During this period some 
of the most important geological features and processes occurred, but ironically, 
we have little information about its duration, with estimates ranging from a few 
hundred million years to over a billion years. 

Volcanic activity was extremely widespread in the Early Hesperian. Smooth 
plains, subsequently deformed by wrinkle ridges (mapped as Hr, Hesperian, ridged 
plains), form numerous regional patches such as Hesperia Planum and are testi­
mony to global volcanism, followed by regional to global contractional deforma­
tion. Recent work suggests that the northern lowlands were also resurfaced by Hr 
(ridged plains) during the Early Hesperian (Head et aZ., 2001), bringing the total 
resurfacing to over 40% of the planet. Individual volcanic edifices and flows are 
rare in these early deposits, but several centers of volcanism with unusual structure 
and morphology (e.g., Tyrrhena, Apollinaris, and Hadriaca Paterae) suggest that 
rising magma may have interacted with ground ice and ground water to produce 
explosive eruptions (e.g., Greeley and Spudis, 1981). Volcanic activity continued 
in the later Hesperian with the emplacement of Syrtis Major deposits, which differ 
from the Early Hesperian ridged plains in the preservation of flow fronts. A sig­
nificant part of the volcanic activity during the later Hesperian shifted from broad 
plains to central-vent volcanism at Alba Patera, in Tharsis and in Elysium (Hecates 
Tholus, Albor Tholus). 

Water is one of the hallmarks of the Hesperian Period. Midway through the 
Hesperian, the Dorsa Argentea Formation (Tanaka and Scott, 1987) was emplaced 
around the present south polar region. This fragmental and apparently ice-rich 
mantling material shows evidence of being an ice sheet that underwent meltback 
and drainage into surrounding low areas such as the Argyre and Hellas basins 
(Head and Pratt, 2001). The cause of the meltback, the fate of this water and the 
influence it had on the subsurface groundwater table (e.g., Clifford, 1993) are not 
presently known. There is evidence that volcanic eruptions interacted with this 
extensive ice sheet, causing melting and drainage (Ghatan and Head, 2001). 

During the middle and later parts of the Hesperian, the valley networks charac­
terizing the late Noachian period (and extending into the Hesperian, but in reduced 
number) transitioned to the major outflow channels. Numerous channels were em­
placed along the southern uplands- northern lowlands boundary, emerging from the 
uplands and debouching into the lowlands. Accompanying this period of channel 
formation was the modification and retreat of the boundary scarp, particularly 
in the Deuteronilus Mensae area. Channels also entered the Hellas basin from 
the Hesperia Planum region. Evidence exists that the Hellas and Argyre basins 
were volcanically resurfaced in the Early Hesperian, and that sediments of fluvial, 
lacustrine and eolian origin were later emplaced on their floors. 

A key question is the fate of the water involved in the formation of the outflow 
channels. Did the water pond in the northern lowlands to produce large bodies of 
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water (e.g., the oceans of Parker et aI., 1989; 1993) or was there insufficient water 
to create large standing bodies? If there were large quantities of water, what was 
its fate? Did it persist for millennia in a liquid form, did it quickly soak back into 
the groundwater table, or did it rapidly freeze and sublime? Was there an ocean 
in the northern lowlands prior to the Hesperian? If so, when and for how long? 
The answers to these questions are not presently available and a key element is 
the duration of this period of channel formation, a number that is very poorly 
constrained (Figure 3). The Vastitas Borealis Formation (Tanaka and Scott, 1987), 
a Late Hesperian fragmental unit overlying the ridged plains (Head et ai., 2001), is 
temporally equivalent to the outflow channel deposits. A likely scenario is that the 
sediments of the Vastitas Borealis Formation are part of the deposits of the outflow 
channels, perhaps a residue remaining after the sublimation of a water-sediment 
mixture emplaced during one or more channel-forming events. 

The Amazonian Period (Figure 2) saw the continuing emplacement of volcanic 
units such as the Elysium Formation, a veneer of volcanic material radial to Ely­
sium Mons, late-stage flows from Tharsis Montes and other Tharsis volcanoes, and 
flow units emplaced on the upper margins of the northern lowlands (the Arcadia 
Formation). Volcanism apparently continued in the Elysium region until very re­
cently, as very young flows in the Elysium-Marte Valles region have been detected 
(Keszthelyi et ai., 2000). Most volcanic activity in the Amazonian was associated 
with the major rises, Elysium and Tharsis, where it continued throughout this pe­
riod. Outflow channel activity and even some valley networks continued into the 
Amazonian. Volcanic activity in the Elysium region was associated with significant 
quantities of groundwater. Lahar-like channels and deposits are seen debouching 
into the Utopia Basin, while to the east, Amazonian fluvial channels are closely 
related to the very recent volcanism with crater retention ages of the order 10 Myr 
or less (Hartmann and Berman, 2000; Hartmann and Neukum, 2001). Minor valley 
networks are seen on the upper flanks of Alba Patera. 

In the Late Amazonian, the polar layered terrain was emplaced and modified. 
The crater retention ages for these deposits suggest a very young age (less than 
a few Myr; Herkenhoff and Plaut, 2000). There is a major hiatus between these 
very young Amazonian polar deposits and underlying Hesperian-aged materials at 
both poles (Dorsa Argentea Formation at the South Pole and the Vastitas Borealis 
Formation at the North Pole). Does the formation of these Late Amazonian de­
posits represent a major change in the atmospheric environment of Mars where it 
continued throughout this period? Were similar deposits formed and destroyed at 
several times in the Amazonian during the hiatus? Important to the understanding 
of these questions is a firm measurement of the duration of the Amazonian; current 
uncertainties in Martian cratering rates (Ivanov, 2001) mean that the duration could 
range from "-'1.8 Gyr to "-'3.5 Gyr. Hartmann and Neukum (2001), using the best 
estimates of crater rate, place the duration at "-'2.9 to 3.2 Gyr. 

Late-stage Amazonian Period activity includes abundant eolian modification 
of the polar deposits (Tanaka and Scott, 1987; Fishbaugh and Head, 2000) and 
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formation of a latitudinally distributed belt of mantling material (e.g., Squyres 
and Carr, 1986; Kreslavsky and Head, 2000), probably related to depositional 
variations accompanying obliquity cycles. 

4. Outstanding Chronological Questions and Measurement Requirements 

Two independent systems for dating Martian units complement each other, as dis­
cussed earlier in this volume by Nyquist et al. (2001), Neukum et al. (2001), and 
Hartmann and Neukum (2001). Dating of rock samples is believed to be relatively 
exact (barring any unknown systematic errors), but in the absence of sample re­
turn missions, we have samples only from unknown locations on Mars; thus, their 
provenance, context, and relation to geological units and history are unknown. 

The cratering method has the advantage of being able to date any chosen terrain 
of sufficient area, but at present the uncertainties are large. As discussed by Ivanov 
(2001) the main uncertainty is in the ratio of Mars/moon cratering rates, used to 
calibrate the system. The formal uncertainties may be of the order 20% (in terms 
of the estimated asteroid impact rate, crater scaling, etc), but a more realistic uncer­
tainty may be a factor 2 (taking into account unknown effects of comets, various 
main belt resonances, etc). This uncertainty propagates directly into uncertainty 
on age. This, in turn, means that features with crater retention ages less than, say, 
200 Myr are probably formed in the last 10% of Martain time and have value in 
terms of geological and geophysical processes. But a crater retention age of, say 
2 Gyr, is less useful in geophysical terms, because the true age might lie between I 
and 4 Gyr (Figure 3). At the oldest extreme, a crater retention age around 4.0 Gyr 
is relatively constrained because the high crater densities are associated only with 
high cratering rates before about 3.5 Gyr. 

Currently, Martian meteorites provide the only basis for an absolute chronology 
of Martian processes. Accepting the Martian origin of the meteorites, methods must 
be developed to generalize observations about them to observations about Mars. 
Attempts to do so are hampered to variable degrees by lack of knowledge of the 
geologic settings from whence the meteorites came. Interpretations of some types 
of observations, such as the composition of Martian atmospheric gases trapped in 
the meteorites, are independent of the location on Mars from which the meteorites 
came. Interpretations of other types of observations, such as the mineralogy of 
the meteorites, benefit from and inform the knowledge of the general environment 
in which rocks parental to the meteorites crystallized, but do not require exact 
knowledge of those environments. Interpretations of still other types of observa­
tions, such as calibrating the Martian cratering rate, would benefit greatly from 
exact knowledge of the places of origin of the meteorites. Some aspects of the 
radiometric age data for Martian meteorites fall into all three of these categories. 

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 
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observation of young igneous crystallization ages, down to "-' 165 Myr, among the 
meteorites shows that Martian volcanism continues essentially until the present 
day. The observation of a high proportion of young ages moreover suggests that 
Mars has been volcanically relatively active at recent times: 10 of 15 meteorites 
for which radiometric ages are summarized in Nyquist et al. (2001) have ages 
<500 Myr, 8 ofthose have ages in the range "-' 165 - 185 Myr. Only 1 in 15 has an 
age older than 1.3 Gyr. However, there are three outstanding questions: (a) Do the 
Martian meteorites give a statistically reliable sampling of Martian surface ages? 
(b) If not, how many Martian surface areas really have been sampled? (c) What are 
the potential bias factors in sampling them? 

Because "-'40% of the Martian surface is highlands belonging to the oldest 
stratigraphic unit, the Noachian, whereas only 1 of 15 ("-'7%) of the meteorites 
has a correspondingly old radiometric age, the answer to the first question appears 
to be negative. This conclusion invites comparison to the lunar case. Of 20 lunar 
meteorites, 7 (35%) are from mare areas. The mare surfaces of the Moon represent 
about 17% of the lunar surface, thus the highlands again appear to be underrepre­
sented by about a factor of two. In both cases there is a need for a better statistical 
sampling, but there is an implication that some bias factor may discriminate against 
older, brecciated, and therefore more friable samples, as has been suggested by a 
number of authors. 

However, the grouping of Martian meteorite ages around certain preferred val­
ues emphasizes the need to correct for "launch-pairing" among them. If the crys­
tallization ages of the meteorites are used to group the meteorites, the number 
of apparent ejection events is reduced to 4--5, and the number of Noachian age 
events (1) is the statistically expected number. If instead, the cosmic ray exposure 
ages are used, there are seven apparent ejection events, also statistically acceptable. 
The two approaches are combined by Nyquist et al. (2001). Better understanding 
will be facilitated via acquisition of new data and better statistics. If the lower 
number of events implied by the crystallization ages is confirmed, it may imply that 
secondary collisions in space contribute to the distribution of cosmic ray exposure 
ages, increasing their apparent number relative to the actual number. 

The shock metamorphic histories of the meteorites can make a more important 
contribution to determining launch conditions and pre-launch sample locations 
than perhaps has been recognized. The currently known Martian meteorites appear 
to populate a "launch window" of peak shock pressures in the interval "-' 15 -
45 GPa. Qualitatively, this appears to be systematically higher than peak shock 
pressures experienced by the lunar meteorites, for example. This observation needs 
to be quantified, and its implications assessed for models of meteorite ejection, 
as well as possible strength-related biases in meteorite yields. Variations in peak 
shock pressures among launch-paired samples can give information on the relative 
depths at launch for the samples. 

Finally, reliable launch-pairing of the meteorites will enable better interpreta­
tion of a variety of mineralogical, geochemical and isotope geochemical data ob-
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tained for the samples. Current data provide a strong suggestion that some mantle­
derived basaltic magmas have assimilated Martian crustal materials (see Nyquist et 
at., 2001, among others). Geochemical and isotopic variations among some of the 
meteorites appear to reflect variable degrees of this crustal contamination. If the 
assimilation processes can be adequately described, it may be possible to infer the 
geochemical processes of a trace-element-enriched Martian "crustal" component, 
which has not otherwise been sampled. This objective requires the correct grouping 
of samples for investigation of candidate assimilation processes and scenarios. 

Finally, it must be noted that the degree of reliability currently achieved for ra­
diometric dating of lunar samples has required the experience and improvement in 
laboratory techniques acquired over two decades. Not all of the problems encoun­
tered in dating these samples have been analytical. Martian rocks, as evidenced 
by Martian meteorites, bear the record of a complex series of processes, both 
primary igneous processes and secondary processes (weathering, deposition of 
secondary minerals, cf. Bridges et at., 2001). The return of actual Martian samples 
to terrestrial laboratories is likely to be required to answer many of the outstand­
ing questions of Martian chronology. Doubtless they, too, will hold surprises for 
unwary analysts. 

For the above reasons, it is critical to determine absolute ages for several broad, 
homogeneous Martian surface units. This could be done by sample return, and even 
crude (20-50% uncertainty) in situ methods would be valuable, but the surface unit 
must be chosen carefully to reduce the error bar in ages of currently unknown units. 

To calibrate the system in this way, Noachian units are less useful; their high 
crater densities already give some confidence that they formed before about 3.5 or 
3.7 Gyr ago (see Hartmann and Neukum, 2001). The cratering rate is believed 
to have been changing rapidly before that time, so units with a wide range of 
crater densities may have about the same age, just as on the Moon. Sampling of 
regional and globally widespread units such as Hesperian-aged ridged plains (Hr) 
would provide absolute chronological information on the key transition between 
the Noachian and the Hesperian (Figure 2). The very widespread nature of this unit 
and the well preserved craters and crater ages would have the benefit of providing 
a global datum somewhat analogous to the Imbrium basin ejecta on the Moon. 
Also extremely useful would be dating of units near the HesperianJ Amazonian 
boundary (e.g. to address the question does this boundary fall at l.8 Gyr, 3.5 Gyr, 
or somewhere in between) and broad units, such as lava flows, that are clearly in a 
specific Amazonian epoch. Widespread and accessible volcanic units of the Tharsis 
region offer such opportunities. Interestingly, a sample return from such a unit may 
seem less desirable on other scientific grounds, such as the search for water or 
for evidence of life. For example, there is much interest in testing environmental 
and biological conditions represented by Noachian samples. However, examination 
of Figure 2 shows that exploration of Mars requires a coherent scientific strategy 
which must include the establishment of a firm global absolute chronology. Too 
narrow a focus could result in no improvement over the present understanding of 
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the absolute age scale for the geologic history of Mars, and thus no improved con­
text for the rates and timing of fundamental geologic processes such as volcanism, 
river and lake formation and tectonism. Therefore, sample return missions and 
in situ dating methods, need to include assessment of these critical relative time 
markers. 

In summary, the geologic history of Mars is characterized by rock sequences 
(geologic units) which are derived from the topographic, geomorphologic and spec­
tral characteristics of remotely sensed surface features (Tanaka et ai., 1992). The 
stratigraphic position of geologic units is estimated by the means of superposi­
tion and intersection and by the concentration of impact craters superposed on 
geologic units. Due to the lack of samples from Mars of known provenance and 
context, the assignment of absolute ages to the epochs based on crater densities 
is dependent on cratering rates (Tanaka et aZ., 1992; Neukum and Hiller, 1981; 
Hartmann, 1978; Neukum and Wise, 1976) and thus is model dependent. Differ­
ent models define the Amazonian-Hesperian boundary between 1.8-3.5 Gyr. and 
the Hesperian-Noachian boundary between 3.5-3.8 Gyr. (Hartmann et ai., 1981; 
Neukum and Wise, 1976; Neukum and Hiller, 1981). 

Hartmann and Neukum (2001) have reduced the formal uncertainty and dis­
agreement between their two systems, but they and Ivanov (2001) emphasize that 
the ages are still proportional to l/(Mars cratering rate) which is still uncertain 
by as much as a factor of two. These large uncertainties in the Martian absolute 
chronology prevent a correct interpretation of the initial stage and duration of 
geologic processes such as volcanism, tectonism, erosion, formation of channels 
and valley networks, glaciation and resurfacing by wind and their implications for 
the climate evolution. The next stage of the exploration of Mars must strive to 
resolve these fundamental uncertainties. 
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Abstract. Mars is unique to have undergone all planetary evolutionary steps, without global resets, 
till its geological death: this is reflected in the variety of its surface features. The determination 
of Mars surface composition has thus the potential to identify the processes responsible for the 
entire Mars evolution, from geological timescales to seasonal variations. Due to technical challenges, 
only few investigations have been performed so far. They are summarized in this paper, and their 
interpretation is discussed in terms of surface materials (minerals, ices and frosts). 

1. Introduction 

l.l. MARS SURFACE ANALYSES AND COMPARATIVE PLANETOLOGY 

Due to its size and orbital parameters, Mars plays a unique role in comparative 
planetology. Unlike the Moon, for which the activity ceased soon after the first 
billion years, Mars is large enough to have undergone all major planet evolutionary 
steps, including a period of much internal activity giving rise to impressive volcanic 
and tectonic surface features. On the other hand, Mars is small enough not to have 
been remodeled by global surface resets, as the Earth was. Its intermediate mass 
thus led Mars to record all major events, such as: early heavy bombardment, with 
crater-saturated areas predominantly located in the southern hemisphere; intense 
volcanic activity, with extended surface reworking and lava coverage of most north­
ern plains, and associated atmospheric recycling; tectonic surface modeling, with 
huge faults and canyons; and large fluvial networks, mostly located in the oldest 
cratered areas. Thus, all stages of the planet interiors evolution potentially may be 
studied through the analysis of diverse surface features. 

l.2. THE VARIOUS MARS MISSIONS 

The ability to decipher the Mars entire geological evolution requires the determi­
nation of the global composition, specifically, elemental (major, minor, trace ele­
ments), isotopic, molecular and mineralogical (major, minor species) abundances. 

This can only be achieved by combining global spectral imaging (remote sens­
ing) with both high spatial and spectral resolution, in situ investigations in a variety 
of sites, and laboratory analyses of returned samples, collected so as to represent 
the diversity of Martian areas. However, planetary exploration is in its infancy. So 
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far, only very few investigations with relevance to surface composition have been 
successfully carried out. It is the purpose of this paper to summarize them, while 
suggesting routes for future research. 

The very first "geological" assessments of the Mars surface were derived from 
terrestrial remote sensing observations, followed initially by the Mariner and Viking 
space missions. Prom the Earth, the best resolved telescopic images show only fea­
tures '" 1 00 km in size. Later, the lack of spatial resolution was in part compensated 
by visible and near-IR spectrometers with high spectral sampling, which allowed 
the identification of major geologic spectral units averaged over large areas. In 
contrast, the early space missions provided almost global optical imaging at sub­
km resolution, with almost no diagnostic spectral characterization. However, in 
situ analyses of samples from the two Viking landing sites (1976) provided the 
elemental composition. The measurements consisted of Rutherford backscattering 
and X-ray fluorescence of atoms excited by irradiation from radioactive sources 
e5Pe and 109Cd). The results were highly reliable for elements with Z > lO (a few 
percentages in accuracy), and very weak for H, C, Nand O. 

The elemental composition is not as diagnostic as mineralogical composition 
(i.e., a variety of minerals might have similar chemical compositions). As mineral 
formation depends strongly on the thermodynamic conditions, minerals are direct 
indicators of past environments and formation processes. However, to infer miner­
alogical composition from either optical imaging or sample elemental composition 
is a highly non univocal extrapolation, in contrast with imaging spectroscopy, in 
particular in the near and mid-IR spectral ranges, where surface materials have 
strong electronic transitions and vibrational fundamental modes and overtones. 

More recent space missions have added to the surface data sets as follows: the 
APXS instrument on the NASA Pathfinder mission, launched in 1996, determined 
the soil and rock elemental compositions at a third landing site. The Soviet Pho­
bos 2 and the NASA Mars Global Surveyor (MGS) missions contributed to orbital 
coverage by means of both optical imaging and IR imaging spectroscopy. 

To assess the mineralogic composition, the most effective method to retrieve 
information on a global scale is by IR imaging spectroscopy in the 0.8 - 50 /-Lm 
range. The Mars spectrum acquired from orbit is constituted of two components: 
the diffused solar spectrum, which dominates the short waves up to ",4 /-Lm, and 
the planetary thermal emission, peaked around 10 /-Lm. The ISMIPhobos imaging 
spectrometer studied the Martian surface and its atmosphere through absorption 
features in the spectrum between 0.8 and 3.2 /-Lm. Although this mission observed 
Mars from a rather large distance ("'6300 km), chosen to be the Phobos orbit, 
and ended prematurely in March 1989 after two months of orbital operations, ISM 
acquired more than 40,000 spectra of Mars, with a ground resolution of "'25 km, 
covering all major geological units of low «30°) latitudes. This unique data base 
was recently extended in global coverage and spectral range by the TESIMGS 
instrument, which essentially analyses the thermal emission of Mars in the spectral 
range 6 - 50 /-Lm. It is still in operation at the time of this writing. 
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Finally, it should be mentioned that no in situ mineralogical analysis has been 
performed so far, and therefore the most direct source of information is provided 
by the SNC meteorites. These meteorites are believed to be igneous Martian rocks 
ejected during impacts, primarily on the basis of their young crystallization ages 
and close match between their gaseous content and the Martian atmosphere. How­
ever, since there is no knowledge of their precise origin, it is still unclear how 
representative they are of Martian crustal materials. 

1.3. DIAGNOSTIC SIGNATURES 

The 0.8 - 50 Mm spectral domain contains a large number of signatures diagnos­
tic of most minerals, ices and frosts. In contrast with atmospheric signatures, the 
mineral-associated ones are generally broad (a few nm to several tens of nm), and 
thus do not require high spectral sampling. Even at moderate spectral resolution, 
one can in principle identify not only classes of minerals such as silicates, oxides or 
hydrated sedimentary ones, but also identify specific minerals within these classes, 
provided one has access to the precise spectral value ofthe band peak (with a 10 to 
50 nm accuracy), the band shape and possibly the correlation between two features 
associated to the same mineral. However, the spectral signature is affected by sev­
eral parameters (e.g., Salisbury, 1993), in addition to mineralogical composition. 
These parameters include physical properties of the surface (most notably particle 
size), and viewing geometry (emergence, incidence, and phase angles). 

This is illustrated here (Figure 1) with the example of the identification of sil­
icates. In the near-IR, the "l-Mm" silicate feature corresponds to the electronic 
excitation of the Fe ions within the silicate lattice (e.g., Gaffey et at., 1993). For 
Fe3+ -rich compounds (clay silicates, and a variety of oxides), the feature is peaked 
at A < 0.9 Mm. For Fe2+ -rich silicates, the band center ranges from 0.9 to 1.05 Mm., 
the trend towards high A values following the Ca content, with diopside peaking 
at '"" 1.05 Mm. In addition, olivines and feldspars have I-Mm features distinctly 
different from those of pyroxenes. Among these, orthopyroxenes are discriminated 
from clinopyroxenes by the occurrence of a "2-Mm feature", peaked at A < 2.2 Mm 
for orthopyroxenes and A > 2.2 Mm for clinopyroxenes. The precise location of 
these two bands is a standard indicator of pyroxene mineral species. 

The O-H vibration band at 2.7 - 3.5 Mm allows both identification of hydrated 
minerals and estimation of their hydration level. 

The thermal IR range contains signatures which are the most intense in labora­
tory conditions, corresponding to the fundamental vibration of the main mineralog­
ical bonds (such as Si04, C03, S04, OH), usually located in the 6 - 20 Mm spectral 
range (reststrahlen bands). Lattice modes are present at longer wavelengths, up to 
45 Mm at least, although spectra of minerals have not been very well characterized 
yet in this domain, at least in reflectance. However, these features are generally not 
quite diagnostic, being almost independent of the minor constituents: for example, 
all silicates exhibit large vibration bands around 10 and 18 Mm (fundamentals of 
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Figure 1. Laboratory NIR spectra of some silicates. Adapted from Singer (1981). 

the Si-O vibration). To discriminate between the various silicate classes, one needs 
to identify secondary features, which usually requires higher spectral resolution. 

In contrast with most minerals, pure ices have absorption bands with fine struc­
ture diagnostic of detailed composition (even at the isotopic level) and physical 
conditions (temperature and pressure). However, this information requires higher 
spectral resolution. 

1.4. PIONEERING RESULTS 

Thermal IR observations have been performed by IRS on board Mariner 6/7 (1.9-
14 /Lm; Pimentel et ai., 1974), by IRIS on board Mariner 9 (5 - 50 /Lm; Hanel 
et al., 1972), from the KAO in 1990 (Pollack et ai., 1990), and from the ground 
(e.g., Moersch et aI., 1997). Several radiometers have also observed Mars from 
orbital spacecraft, providing limited spectral information in the thermal range: 
IRTM on Viking (Kieffer et al., 1977), Termoskan (Murray et al., 1991) and KRMF 
(including a UV-visib1e spectrometer; Ksanfomality et ai., 1991) on Phobos-2. 

The visible-NIR range is more easily accessed from the ground than thermal 
measurements. It has been used since the early 1960s (e.g., Moroz, 1964; McCord 
and Adams, 1969; Singer, 1982; Bell et aI., 1990; Pinet and Chevre1, 1990; Roush 
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et aZ., 1992; Martin et aI., 1996; Erard, 2000). Space observations have been per­
formed by ISM (Phobos-2, 0.77 - 3.12 /Lm), which is so far the only NIR imaging 
spectrometer that orbited Mars (Bibring et aZ., 1989). Early results from Martian 
spectroscopy have been summarized by Soderblom (1992) and Roush et aZ. (1993). 

1.5. THE MAJOR MARS SURFACE CONTRASTED UNITS 

As viewed in the optical range, and with a very limited spatial resolution, the Mars 
surface is divided into large distinct areas: dark and bright surface areas and icy 
polar caps. The location and extent of these areas are seasonal. The precise deter­
mination ofthe composition ofthe bright and dark materials covering the non-polar 
areas has still not been ascertained completely. 

Overall, the spectra of dark regions can be matched by basalts, whose spectral 
characteristics are dominated by ferromagnesian ("mafic") and andesitic volcanic 
materials (Bandfield et aI., 2000) and their alteration products. The dark areas have 
spectra typical of ferrous absorptions in mafic minerals such as pyroxenes, and 
exhibit a greater variability. Bright regions are thought to be alteration products 
of basalts and are spectrally very homogeneous, dominated by subtle features of 
hydrated ferric oxides. On the first order, this is consistent with the interpretation 
that bright regions are covered by a thick layer of weathered dust mixed at the plan­
etary scale, while dark areas have large bedrock exposures and are contaminated 
at various levels by bright materials. Polar caps are primarily mixtures of CO2 and 
H20 ices, with ratios varying with time and location. 

In the following, we discuss the measurements done so far, characterizing the 
dark materials, the bright soils and the polar caps. 

2. Dark Materials 

Although dust is widely transported seasonally, which has long been considered 
to prevent the observation and characterization of the underlying terrains, it has 
been demonstrated that a wide variety of unmantled surface materials are present, 
allowing a possible identification of surface geological units. These units appear 
much darker than the soil, with large variations in albedo observed. To date, their 
composition is studied by three types of space measurements: the Pathfinder in 
situ rock analyses, the ISM near-IR spectral images, and the TES thermal spectral 
images. Additional compositional information results from laboratory analyses of 
SNC meteorites. 

2.1. PATHFlNDER AND SNC ROCK ANALYSES 

At the Pathfinder landing site, no sedimentary rocks were identified. Only highly 
Si-rich silicates were found, with an elemental composition similar to that of ter­
restrial andesite (Rieder et aZ., 1997). The unusual magnetic properties measured 
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Figure 2. ISM coverage of Mars, superimposed on Viking DIM (sinusoid projection). The colour 
scales surface elevation from the depth of the 2.0 ftm C02 band, with lower elevations in blue. 

may indicate significant amounts of maghemite, an iron oxide (Hviid et al., 1997). 
These rocks do not seem to represent the full diversity of Martian rocks, since they 
are compositionally very different from the soils (Wanke et al., 200 I, Table I). 

SNC meteorites can be grouped into 3 broad families, according to their crys­
tallization age (see reviews by McSween, 1994, and Treiman et at., 2000). The 
younger family is composed of basaltic rocks dominated by two pyroxene mix­
tures (with Shergotty "" 180 Myr old, and others 300 and 420 Myr old); an older 
one is dominated by Ca-rich clinopyroxenes and olivine, with very low concen­
trations of Al (with Chassigny and Nakhla, "'-'1.3 Gyr old). ALH84001, rich in 
orthopyroxenes, is much older (""4.5 Gyr). Similar to the Martian rocks analyzed 
in situ, all SNCs are richer in Fe than the terrestrial crust, probably reflecting a 
higher FeO content of the Martian mantle. However, in contrast with the rocks 
analyzed by Pathfinder, the SNCs are all poor in AI; hence they would derive from 
an AI-depleted source region. The occurrence of carbonates in SNC meteorites 
might suggest that these minerals were indeed crustal sinks for early CO2 • Alter­
natively, carbonates and other salts could have formed in restricted areas where the 
temperature was high enough to maintain liquid water at, or close to the surface 
(hydrothermal springs). Globules of carbonates contained in ALH84001 have also 
been presented as possible by-products of ancient life on Mars (McKay et al., 
1996). However, this issue is still debated. For instance, Golden et al. (2000) have 
been able to produce similar carbonate structure abiologically in the lab. 

2.2. THE ISM CHARACTERIZATION 

Figure 2 shows the location of all acquired ISM spectra. The very high signal to 
noise and the imaging capacity of ISM made it possible to identify (and map the 
spatial variations of) spectral features at the level of "'-'0.5%, which is required due 
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to the shallowness of most mineral-associated absorption features in the NIR range. 
In addition to the identification by ISM of major classes of silicates, subtle features 
have been identified in limited areas, such as possible sulfate signatures at 1.7 /Lm 
and metal-OH vibrations around 2.2 - 2.35 /Lm. 

Five major ISM spectral features were used to identify units of specific com­
position. These include the central band positions of the 1 /Lm and 2.2 /Lm silicate 
features (see Section 1.3), the 3 /Lm hydration feature, the slope of the continuum, 
and the NIR albedo. In the following, we detail the surface heterogeneity of two 
large areas mapped by ISM, namely Valles Marineris and the Syrtis/Isidis region. 

2.2.1. Syrtis Isidis 
Syrtis Major (Figure 3) is the darkest region of Mars, although highly variable in 
albedo. It is considered as a region of seasonal deposition and removal of bright 
dust. High resolution images by MOC (MGS) show that the substrate itself is 
predominantly made up of dark volcanic material, covered with large dark sand 
dunes. Only the southern part of Syrtis Major was mapped by ISM, from 2° to 9° 
latitude. Two different units are identified in this part of Syrtis Major (Erard et aI., 
1991; Mustard et aI., 1993; Murchie et aI., 2000). The western part (including the 
central area with Meroe and Nili Patera) exhibits the most typical features, which 
appears consistent with a mafic to ultramafic composition. This material is very 
dark (0.10 albedo at 1.1 /Lm), with the deepest pyroxenes absorptions observed in 
the equatorial regions (3-5% at 0.92 /Lm, 1-3% at 2.29 /Lm). Detailed analyses of 
these two bands showed that they are best fit by a mixture of both low and high-Ca 
pyroxenes, with a larger proportion of the latter (70%). The eastern part of Syrtis 
Major displays slightly different signatures, in particular reduced pyroxene absorp­
tions and an elongation of the 1 /Lm band towards short wavelengths, indicating the 
presence offerric oxides (e.g., hematite, schwertmannite or goethite) in addition to 
pyroxenes. The material exposed there was interpreted as dust cemented on a mafic 
substrate, possibly by a crystalline ferric phase. 

2.2.2. Valles Marineris 
The materials observed inside Valles Marineris (Figure 4) exhibit large variations 
of all spectral parameters, in contrast with the surrounding plateaus, where two 
distinct spectral units can be distinguished: homogeneous bright, hydrated, soils 
cover the western areas (on Tharsis), while darker and drier materials are exposed 
in the north-eastern part (Ophir Planum); they show pyroxene composition with Ca 
content lower than that of Syrtis Major, but higher than that of the darker materials 
of the floor of Valles Marineris (Erard et aI., 1991; Mustard et ai., 1997; Murchie et 
aI., 2000). Detailed analyses demonstrate a much lower content in high-Ca pyrox­
enes in these regions ("'-045% of the overall pyroxenes). All these dark materials are 
very dry, except for a unique area (in the ISM data set) located in the most eastern 
part of the canyon, in the chaotic terrains (Eos Chasma). This area is interpreted to 
contain high mafic, highly hydrated minerals. 
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Figure 3. ISM spectral coverage of the Syrtis-Isidis area, superimposed on Viking derived altimetric 
contours: a) albedo map (with Minnaert correction), b) depth of the 3 f-1m hydration band (blue is 
more hydrated, red is less), c) depth of the 1.04 f-1m band (Fe2..,. -rich materials) (rcd to blue with in­
creasing abundance), d) depth of the 2.0 f-1m pyroxene band (red to blue with increasing abundance). 
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Figure 4. ISM spectral coverage of the Valles Marineris area, superimposed on Viking derived alti­
metric contours: a) albedo map (with Minnaert correction), b) depth of the 3 {(m hydration band (blue 
is more hydrated, red is less), c) depth of the 1.04 {(m band (Fe2+ -rich materials) (red to blue with in­
creasing abundance), d) depth of the 2.0 fJ.m pyroxene band (red to blue with increasing abundance). 

The layered terrains in the central part of the canyons (Mel as Chasma and 
Coprates Chasma) also have much stronger hydration absorptions than other mate­
rials of similar albedo. The unique spectral properties observed in the layered ter­
rains strongly support the hypothesis of volcanic deposits restricted to the canyon, 
perhaps through hydrovolcanism. 

2.2.3. ISM Summw}' 
The high spatial resolution, spectral coverage, and high signal to noise of the ISM 
data permitted the determination of a mineralogical basis for the spectral properties 
of several distinct morpho geologic dark regions on Mars (Mustard and Sunshine, 
1995; Mustard et al., 1997). The freshest dark equatorial regions observed by ISM 
have spectral characteristics indicating a volcanic mineralogy dominated by two 
pyroxenes with high and low Ca content, similar to the basaltic SNC meteorites 
(e.g., Shergotty, Zagami), supposed to originate from Mars. However, the plateau 
plains (e.g. Syrtis Major) are emiched in high-Ca pyroxene relative to the floors of 
Valles Marineris. Within this two-pyroxene model, there exists significant diversity 
in the spectral propelties among relatively unaltered regions on Mars, and a central 
question is how this spectral diversity relates to mineralogical diversity. The range 
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of ages for these regions indicates that the SNC analyses are relevant to large 
regions of Mars, and to a large lapse of time (3.0-0.13 Gyr). Such materials are 
not common on the Earth's surface, and are probably derived from a source region 
depleted in Al relative to the hypothesized original mantle composition. An inter­
pretation of these observations is that a primary planetary differentiation occurred 
very early in the history of Mars ("-'4.5 Gyr) and that the mantle reservoirs have 
not been remixed since. The depletion in Al could be explained by the presence 
of a crust enriched in AI, perhaps similar to the lunar highlands; such rocks were 
actually observed at the Pathfinder site, but their source area is unknown. The oc­
currence of significant amounts of olivine in dark areas would be inconsistent with 
the idea of an early differentiation. Although detection of olivine-rich materials was 
claimed in several occasions, these observations are not confirmed by recent data 
(except perhaps by TES, see below). Instead, most of the second order variations 
are explained by small amounts of dust, and perhaps thin alteration coatings of 
ferric materials on the rocks themselves. 

"Anomalous" dark materials also provide important hints about the major puz­
zles concerning the surface. In particular, an unusual material observed in the 
layered deposits of Valles Marineris, with both mafic and hydration characteristics, 
suggests that hydrovolcanism was an important factor in the development of these 
areas (Murchie et ai., 2000). 

2.3. THE TES SURFACE DETERMINATION 

The presently available TES reduced data indicate three major types of surface 
material. 

A large equatorial area (Sinus Meridiani), 350 kmx(350-750) km wide, cen­
tered 2°S, 0-5°W, which appears gray rather than red (this may be due to a particle 
size effect), appears to contain crystalline hematite (a-Fe203) with an abundance 
"-' 15% while it is «5% elsewhere on Mars. Through the match with laboratory 
spectra, it would be made of "large" grains, 5 to 10 {Lm at least, up to possibly 
100 {Lm, quite different from the nano-crystalline oxides and fine-grained hematite 
grains postulated as constituents of the bright soil. These minerals would consti­
tute either weathering / alteration products, or chemical precipitates, which would 
strongly suggest the occurrence of large amounts of stable liquid water in the past 
(Christensen et ai., 2000a). 

As for the primary rocks in the dark regions, TES (Figures 5 and 6) has iden­
tified a global scale opposition on Mars, between the southern highlands, where 
Si-poor mafic volcanic rocks dominate (type 1 rocks, similar to basalts), and the 
northern plains (lowlands), made primarily of evolved Si-rich mafic rocks (type 
2 rocks, similar to andesite). More precisely, the corresponding spectra have been 
determined to have better match with the following mixtures: feldspar (plagioclase) 
(50%), clinopyroxene (augite) (5%), sheet silicate (15%) for type 1 rocks; feldspar 
(plagioclase) (35%), clinopyroxene (augite) (10%), sheet silicate (15%), K-rich 
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Figure 5. TES spectra of the main two surface type endmembers identified (adapted from Bandfield 
et al., 2000), referred to Si-poor basalt (type 1) and andesite-like basalt (type 2). 

glass (obsidian) with 25% for type 2 rock (Bandfield et aI., 2000). More detailed 
plagioclase and pyroxene composition was studied by Hamilton et al. (2000). For 
both types of materials, the derived plagioclase composition ranges from 40 to 55% 
anorthite, and high-Ca clinopyroxenes composition ranges from 30 to 45% Mg. 
This composition is consistent with basaltic shergottites, although more calcic than 
many of them. However, the TES spectra of these areas do not closely resemble 
those of SNC meteorites. 

This contrast in volcanic materials is still challenging for our understanding of 
the Mars evolution: why has Mars undergone two types (one old, one later) of 
volcanism? Why is the "evolved type" largely spread over the planet, and coupled 
to the presumably thinner crust? 

Recently, a very tentative detection of olivine-rich areas (as much as 30% av­
eraged over 100 m size pixels) has been made (Hoefen et aI., 2000). The major 
concentration of olivine would be located in Nili Fossae. Large occurrence of 
olivine would imply that no abundant liquid water was available at the surface 
since the fonnation of these rocks, which would in turn suggest that no period of 
hot, wet climate has existed since then. 

2.4. THE ISO SURFACE DETERMINATION 

High-resolution infrared spectra of Mars have been recorded with ISO Short-Wave­
length Spectrometer between 2.3 and 45 {Lm. Three spectra of the full Martian disk, 
centered respectively on Syrtis Major, Tharsis and Aeria, were recorded in July and 
August 1997 (Morris et aI., 2001; Lellouch et a!., 20(0). At wavelengths longer 
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Figure 6. TES map of the two surface type endmembers identified (adapted from Bandfield et aI., 
2000). 

than about 4 f1.m, the main contribution to the spectrum is the thermal emission 
of the surface, which is dominated by dark regions and is considerably weighted 
towards the sub-solar point. The colder aerosols are seen in absorption, and exhibit 
much narrower bands. The main contributions in the ISO spectra are expected to 
originate from Lunae Planum, Solis Planum, Ophir Planum and Valles Marineris. 
Two emissivity maxima at 7.85 and 8.2 f1.m are interpreted as the Christiansen 
peaks of surface minerals. The first peak is best matched by plagioclases, particu­
larly labradorite, which also fits most of the structures observed. Clinopyroxenes, 
in particular diopside, fit the second Christiansen peak and the region from I I to 
12 f1.m. Forsterite-poor olivines, which have a Chlistiansen frequency at 9.3 f1.m, 
also match this domain correctly. Crystalline oxides do not fit at all. The best fit to 
the 5 - 7 f1.m domain is provided by montmorillonite in very fine grains; the weight 
of bright areas in the spectrum is indeed expected to increase towards the shotier 
wavelengths. Among rocks, the best fits are provided by dark vesicular basalts with 
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TABLE I 

Atmospheric Mass (Ma) to Planetary Mass (Mp) ratio. 

Present Ma/Mp 

Initial Ma/Mp 

Mars The Earth 

10-6 

10-4 

Venus 

10-4 

10-4 

30S 

low Al content (7%), similar to the composition observed in SNC and at the Viking 
landing sites. This is consistent with analysis of pristine dark regions in the NIR 
range from ISM, with re-analysis of IRIS data, and with recent observations by 
TES (Christensen et ai., 2000b). The second reststrahlen band of silicates in the 
16 - 2S fLm region is not observed. Although olivine and feldspar bands could 
be undetectable with ISO calibration uncertainty at longer wavelength, pyroxenes 
should produce a prominent absorption in this range. This feature is not detected 
either in IRIS or TES spectra. 

2.S. WHERE IS THE NITROGEN? 

The search for surface carbonates, and more generally for sedimentary rocks, is 
based on the hypothesis that the atmospheric depletion of major species, and es­
pecially of CO2, would result from its being trapped as solid compounds. The 
decrease of Martian internal activity would have stopped their recycling and H20 
would have been predominantly stored as subsurface ice, or permafrost. Such a 
scenario, in which a past, dense, CO2-rich (and thus warm) atmosphere would 
progressively have faded away as Mars cooled, by efficient surface and subsurface 
trappings, is challenged by the depletion of N2. 

The present atmospheric N2 is about 10-4 less abundant than that of Venus 
(Table I). This depletion is almost identical for CO2. The present atmospheric 
N2/C02 ratio, measured as (3±0.3)%, is the same for Mars and Venus. Scaled 
to the planetary mass, the Mars atmospheric depletion factor is roughly 2000. 
When taking into account the present-day carbonate terrestrial reservoir of CO2, 
both Venus and the Earth have an initial atmospheric to planetary mass ratio of 
'"'-' 10-4 , while today's Mars value is '"'-'S x 10-8 . Therefore, not only the depletion 
of Martian N2 and CO2 are huge, but they have occurred with an almost identical 
efficiency. Besides, if carbonate formation is an easy process for removing CO2, in 
particular with the concurrence of liquid water, there is no such efficient processes 
to convert nitrogen into rocks, apart from salt formation from acid rain and activity 
from living organisms. On Earth, most N2 is still stored in the atmosphere; would 
terrestrial internal activity cease, and O2 consequently disappear, the atmospheric 
pressure would likely decrease to 0.8 bars, with N2 by far remaining the dominant 
constituent (as for Titan). One is thus left with a number of alternate mechanisms, 
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such as atmospheric sputtering, to account for Martian nitrogen losses. It is not 
understood to what extent these mechanisms would also have depleted the CO2 
on Mars, to complement the potential carbonate formation. Can one derive overall 
identical N2 and CO2 depletion efficiencies, from a variety of diverse processes? 
Understanding the past climate and geological history of Mars requires addressing 
the question of where and how the Martian nitrogen has gone. The search for 
surface N-rich materials is probably a key part of the answer. 

3. Bright Soils 

3.1. OPTICAL SPECTRA 

The albedo represents the brightness of a surface and can range from 0% (black) to 
100% (white). The geometric albedo of the martian bright material, in the visible, 
can be greater than 30%, with a huge spectral variation giving the bright material its 
markedly reddish visible color: in violet the soils are essentially dark (geometric 
albedo <5% at A < 0.4 /Lm) and their spectra almost featureless (Adams and 
McCord, 1969). At longer wavelength, the albedo increases very rapidly (Figure 7) 
and reaches values ",0.4 in the near IR (0.7 - 2.7 /Lm). A convincing explana­
tion is the occurrence of a strong Fe3+ _02- charge transfer absorption, centered 
at A = 0.34 /Lm, being responsible for this spectral shape. The bright soil is 
widely homogeneous over the Mars surface, seasonally transported by the wind, 
with deposition features like dunes similar to those observed in terrestrial deserts. 

3.2. ELEMENTAL COMPOSITION 

As for the elemental composition of the bright soil, the Viking XRFS and Pathfinder 
APXS investigations provided very similar determinations, which is summarized 
in Table I: high Si and Fe content, MgO/Ah03 of'" 1, very high S and Cl, while 
K is very low (Clark et aI., 1982; Banin et al., 1992). This is consistent with 
weathering products of basalts, although richer in Fe and Mg, and poorer in K, than 
most terrestrial ones. The high Cl and S could be indicative of salts. All soils are 
very similar at the three landing sites, with high degrees of oxidation and magnetic 
properties. 

Subsurface cemented material, identified as a duricrust by Binder et al. (1977), 
were also analyzed by the Viking landers. They have higher S content than the 
loose fines, suggesting possible formation by evaporation of salt-rich solutions, 
with sulfates as the cementing agent. 

Finally, it should be recalled that the Viking biology package did not identify 
organic matter at levels exceeding the detection limits, in the range of < 1 ppb for 
most compounds (see, e.g., Klein et aI., 1992, for a review). 
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Figure 7. Composite Vis-NIR reflectance spectra of bright and dark regions. At longer wavelength, 
the thermal contribution is modeled to retrieve reflectance (adapted from Erard and Calvin, 1997). 

3.3. NEAR-IR SPECTRAL CHARACTERISATION 

The ISM spectra of typical bright regions (e.g. Tharsis) show a feature peaked 
at <0.9 Mm. This spectral information is indicative of highly oxidized iron (ferric) 
rather than ferrous-rich pyroxenes. In addition, these spectra exhibit deep hydration 
bands at "-"3 Mm, corresponding to an adsorbed or bound-water abundance of "-" 1-
2% (Figure 7). Actually, this "3 Mm" band depth is an estimate of the hydration 
level. It is found to be highly correlated to reflectance (Erard et ai., 1991). It is more 
specific of the materials than albedo is, at least on transitional regions: an example 
is given in Lybia and Isidis, which have similar reflectance but different hydration 
band depth. Lybia is a dark region with highly variable albedo in the observational 
records, probably covered with bright dust at the time of ISM observations. There 
are significant variations in the strength of the 3.0 Mm hydration band with layered 
terrains in Valles Marineris exhibiting the strongest absorptions in the ISM data 
set. A weak band is also observed at 2.2 Mm at the threshold of the detection 
level ("-"0.5% band depth), possibly related to hydroxylated minerals (metal-OH 
bounds). 

Spectral slope is strongly affected by atmospheric scattering. Although atmo­
spheric scattering affects the spectra, in some specific areas variations in spectral 
slope may be driven by surface properties. Such variations have been studied exten­
sively on the flanks of Olympus Mons by Fischer and Pieters (1993), who ascribe 
them to ferric coatings of variable thickness. 

Other "anomalous" bright to intermediate soils were identified in Oxia Palus 
and Lunae Planum, having enhanced 3 Mm band absorption and steeper spectral 
slope. These properties are consistent with duricrust formation process and cemen-
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tation of bright dust by either water-bearing phase, sulfates, carbonates, or ferric 
minerals (Murchie et al., 2000). 

3.4. CANDIDATE MINERALS 

In order to corroborate all the results acquired to date, it is thought that the bright 
soil predominantly could be constituted of a suite of candidate minerals of silicates 
(with mostly iron-rich amorphous material, clays or silica glass), iron oxides such 
as hematite, salts, sulfates, and (perhaps) carbonates (see review by Bell, 1996). 

An interesting terrestrial analog for the iron-rich constituent is palagonite. It is 
formed by alteration of mafic volcanic glasses under low temperature, mainly by 
interaction with water ice. Large amounts of pa1agonites would be consistent with 
spectral observations, in situ analyses, thermodynamic considerations, and com­
position of SNC meteorites (Allen et ai., 1981). Most of this material could have 
formed during volcanic eruptions through a thick underlying permafrost (Berkley 
and Drake, 1981). 

These materials seem to constitute alteration products of mafic minerals from 
the dark areas. The present rate of weathering and dust formation is unknown but is 
certainly small, and hence most bright materials were probably formed in a distant 
past. 

As for the hematite, spectral features are subdued and indicate a low degree of 
crystallization in most areas, so that the oxide phase is thought to occur mainly 
as extremely fine-grained « 10 nm), or nanophase, poorly crystalline particles 
(Morris et ai., 1989). The spectra indicate a small amount ("-'5%) well-crystalline 
(fine-grained but not nanophase) hematite to account for the spectral shape. 

Although this bright material is the dominant constituent of the soil, it is not 
the only one. At higher spatial resolution, other units of intermediate reflectance 
and color can be recognized in both Viking and HST images. These units include 
bright crater rims and dark patches, and were thus first thought to constitute a mix­
ture of dark and bright materials; they are currently interpreted as bright materials 
indurated by local processes, at least in some areas. Similarly, many "dark red" 
regions (e.g. Oxia Palus) exhibit ISM features inconsistent with a simple mixture 
between bright and dark soils. Rather, they appear to be a unique material and may 
contain hydrated ferric oxides and oxyhydroxides. 

Independently, infrared radiometry and radar observations allow thermal inertia 
and rock abundance to be derived. As a rule, the finer the material, the lower the 
thermal inertia. On Mars, the brighter material has the lowest inertia, the darker 
material has the higher value. Intermediate areas are thus made of either coarse or 
indurated materials. Taking into account all identified physical properties, one can 
discriminate between four main units (e.g. Soderblom, 1992): 

1. bright, fine materials interpreted as loose dust. The corresponding areas are 
regions of active dust accumulation several meters thick (e.g., Amazonis, Ara­
bia); 
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2. bright materials with high thermal inertia, interpreted as areas of limited dust 
accumulation. Both Viking landing sites are located in such regions, which are 
rather uncommon (e.g., Chryse Planitia, Elysium Planitia); 

3. intermediate materials with high thermal inertia, interpreted as indurated sur­
faces (cemented dust); 

4. dark, coarse materials interpreted as exposed rocks with constant deposition 
and removal of a thin dust layer (e.g., Acidalia, Syrtis Major). In some areas 
however, this unit corresponds to accumulation of dark sands. 

Most units appear relatively young and active, indicating that the upper sur­
face is continually being reworked, in particular by aeolian processes and possible 
duricrust formation. 

Subtle local variations are observed in bright to moderate regions (as in Ara­
bia Terra, southwest Claritas Fossae, south Daedalia Planum and Sirenum Fossae, 
Deucalionis Regio, Sinus Meridiani, Propontis I), indicating that some bright ma­
terials are not remobilized and mixed. These variations might reflect differences 
in particle size or degree of crystallization, but some small areas could have high 
concentrations of other alteration materials such as smectite clays, oxyhydroxides, 
iron sulfates, chlorides, hydrous carbonates. These minerals are potentially very 
helpful indicators of past climates, because they are the major sinks for H20, CO2 

and other volatile compounds such as nitrogen. Some ofthem have been tentatively 
detected in the airborne dust, but their spatial distributions and spectral properties 
must be known to improve our knowledge of the surface evolution. 

3.5. AIRBORNE DUST 

Although the composition of airborne dust is supposed to match that of bright 
surface soils, the spectra themselves are different. Because airborne particles are 
not in contact and are much smaller than surface particles, aerosols spectra are 
dominated by Mie scattering, with a very steep negative spectral slope in the NIR 
range. 

Aerosols grain size distribution is controlled by dynamical processes and sea­
sonally varies with altitude. The ISM observations of the integrated column are 
consistent with a narrow particle size distribution with effective radius r eff'" 1.25 {-Lm 
(Drossart et af., 1991). This particle size is only half that retrieved from Mariner 9-
IRIS (reff"'2.75 {-Lm, Toon et aI., 1977) and the distribution is twice as narrow 
(Veff = 0.25 versus 0.418). However, these results agree with those of Auguste, 
KRFM and Termoskan on board Phobos-2 (Chassefiere et aI., 1995). The differ­
ence with pre-Phobos data was ascribed to the lack of global dust storm in the late 
1980s. 

So far, airborne dust has been observed primarily in the mid-infrared (IRIS, 
TES, ISO). Analysis of IRTM photometric sequences by Clancy and Lee (1991) 
demonstrated that the backscattered flux can represent up to 25% of the overall 
signal around 1 {-Lm, even under low opacity. This figure is consistent with detailed 
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analyses of ISM observations by Drossart et al. (1991) and Erard et ai. (1994). 
Erard et ai. discussed the effect of aerosols scattering on the study of surface 
properties in the NIR. The main effects are to add a negative spectral slope to the 
spectra and to conceal the surface absorptions and shift them to longer wavelengths. 
Altogether, spectral slope appears equally sensitive to surface and atmospheric 
properties. Location of a 0.8 - 1.0 /Lm band center is also quite sensitive to the 
amount of light scattered in the atmosphere, and can be easily shifted towards large 
wavelengths by 50 nm because of the apparent tilt of the continuum slope. 

Absorption features were also observed in ISM continuum ratioed spectra of 
aerosols. Most of them were ascribed to H20 ice (at 1.02, 1.25, 1.5, 1.9 and 2.4 /Lm). 

In addition, a small absorption was observed over Tharsis at 1.8 /Lm which is found 
in some hydrated clay minerals and in gypsum. The presence of clay minerals 
such as montmorillonite or kaolinite is consistent with early interpretations of IRIS 
observations (e.g. Hunt et al., 1973), with KAO observations of suspended dust 
(Pollack et al., 1990), with Viking biology experiments (e.g. Banin and Margulies, 
1983), with SNC analyses (e.g. Gooding, 1992), and with recent thermal modeling 
of IRS spectra above 3.0 /Lm (Erard and Calvin, 1997). Crystalline clay minerals 
have not generally been proposed as abundant constituents on Mars essentially 
because the most common terrestrial species present several visible and NIR ab­
sorptions that are not observed in Martian spectra (see discussions in Roush et 
ai., 1993; Soderblom, 1992). However, recent laboratory work (e.g., Bishop and 
Pieters, 1995; Bishop et ai., 1995; Calvin and King, 1997) demonstrates that these 
bands are subdued and not necessarily observable under Martian conditions (low 
temperature and pressure), and that several less usual clays simply lack them. Con­
sequently, it seems that the occurrence of crystalline clays in Mars bright, fine 
materials deserves reevaluation. Recent reanalysis of IRIS spectra suggests a com­
position of suspended dust dominated by feldspar, with a proposed composition 
of 50% albite (a feldspar), 10% sulfates, 20% pyroxenes and 20% olivines (Grassi 
and Formisano, 2000). 

In the ISO spectra (see above, Section II.4), narrow bands at 7.2 and 11.1 /Lm 
(Figure 8) were ascribed to carbonates in the aerosols. The general band location, 
relative band depths and width correspond closely to fundamentals of carbonates, 
the best match being magnesite. However, the two bands observed are slightly more 
distant than those of carbonates, making the identification tentative. In the longer 
wavelength range, three deep absorptions at 26.5, 31 and 43.5 /Lm also supports 
the existence of carbonates. These bands are best matched by spectra of calcite 
and siderite, with relative intensities consistent with the 6 - 12 /Lm features. The 
interpretation of these data remains controversial. 

Spectral structures similar to those attributed to carbonates in ISO spectra are 
actually present in previous data sets, although little attention has been paid to 
them. The 7 -7.3 /Lm band is present in IRIS spectra (Christensen et al., 1998), in 
some newly calibrated IRS spectra (Kirkland et ai., 1998), in KAO spectra (Pollack 
et al., 1990) and in TES observations (Christensen et al., 1998). Subtle absorptions 
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Figure 8. 5 - 12 Mm portion of three disk-integrated Mars ISO-SWS spectra, compared with 
labradorite emission (surface-like) and carbonate transmission (aerosol-like) laboratory spectra 
(adapted from Morris et aI., 2001). 

in the 11.0 - 11.5 /Lm domain are also present in IRIS and IRS spectra, and in 
telescopic spectra (Moersch et al., 1997). However these bands do not necessarily 
imply carbonate: in particular, many minerals have transitions in the 11.0-11.5 /Lm 
domain (e.g. this feature in IRIS spectra has been ascribed to goethite by Kirkland 
and Herr, 2000). 

4. Polar Caps, Ices and Frosts 

The annual orbital motion of Mars around the Sun, on a rather eccentric orbit 
(e = 0.093), together with its obliquity (25.2'), leads to seasonal exchange of eCh, 
and to a lesser extent of H20, between the atmosphere and polar caps, cycling up to 
25% of the atmosphere. Thus, at latitudes varying with time, the surface is covered 
with frosts, the composition of which being entirely governed by the local ther­
modynamic equilibrium: composition assessments can be obtained through both 
remote compositional or thermal measurements. 

Actually, at the local summer, none of the polar caps does completely subli­
mate: residual high albedo icy units remain, the composition and extent of which 
differing largely between the North and the South. The North residual cap is much 
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larger, and constituted of H20, with no trapped CO2 (Clark and McCord, 1982). 
Although its precise height is not accurately determined yet, it is a major H20 
Martian reservoir (together with the regolith), with an amount of H20 up to 105 

times higher than the atmospheric one (Kieffer and Zent, 1992). On the opposite, 
the South residual cap is predominantly constituted of CO2 , the condensation tem­
perature of which (= 150 K) allows H20 to also be trapped: the amount of H20, 
within or beneath the CO2 ice, is still unknown. 

Whenever the atmosphere starts to condense, large frosts build, predominantly 
made of CO2 . H20 also condenses, with a relative abundance reflecting the atmo­
spheric one, less than 0.1 % (Calvin and Martin, 1994). 

Apart from pure ice, layered deposits of variable dust content appear, at scales 
meters to tens of meters thick. Very few compositional information allow to dis­
criminate between this dust and that covering a large fraction of the Martian surface 
(see below). 

5. Future Prospects 

According to the planned space missions, a number of major investigations will 
be conducted in the coming decade to further characterize the surface composition 
of Mars. At each future Mars launch window, one orbiter mission will include at 
least one instrument dedicated to mapping the surface. For example, the NASA 
Odyssey mission ('01) will have a gamma-ray spectrometer to determine the sur­
face chemical composition, including the radioactive elements, on a '" 1 00 km 
scale as well as THEMIS, derived from TES with a much higher spatial sampling 
(lOa m) but much lower spectral sampling, will characterize local mineralogical 
species. On board the 2003 ESA Mars Express mission, OMEGA will map the 
entire surface, at a kilometer scale, and a few percents at 300 m, in a spectral range 
0.5 - 5.2 /-tm, where most potential minerals have diagnostic signatures. On the 
same mission, PFS will acquire spectra of the entire surface and atmosphere, at 
a smaller spatial resolution (5 km) but much higher spectral sampling ('" 1 cm- i ) 

and spectral domain (1.2 - 45 /-tm). Two years later, the NASA '05 mission, if 
confirmed, will be launched with a candidate payload including a similar visible­
near infrared spectral imager, with a spatial resolution of "'50 m. Altogether, these 
orbital missions should provide global and unambiguous determination of all units, 
at an unprecedented resolution, so as to identify and potentially locate the pres­
ence of all minerals, including the sedimentary ones. Finally, the '03 rovers and 
the '07 rovers and/or landers will locally study the surface composition, down to 
submillimeter scales. 

The next major step will undoubtedly be achieved by the analyses of Mars 
samples, collected in well selected areas, and returned to the Earth. The range and 
variety of the scientific results from these studies will surpass the mere predictions 
for Mars. In the future, precise dating, exhaustive elemental, isotopic, molecular 
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and mineralogical inventory at a grain level, identification of volatile and possibly 
organic trapped species, detection of fossil records, if any, are among the measure­
ments and discoveries that the present level of sophisticated analytical capabilities 
could make feasible. The uniqueness of Mars can contribute to understanding key 
issues of Solar System evolution, including possibly the formation of living organ­
isms. Hence, the acquisition of Mars samples and their return to earth for laboratory 
analyses is among the most exciting scientific prospect for the early 2000s. 
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Abstract. As Viking Landers did not measure rock compositions, Pathfinder (PF) data are the first 
in this respect. This review gives no proof yet whether the PF rocks are igneous or sedimentary, but 
for petrogenetic reasons they could be igneous. We suggest a model in which Mars is covered by 
about 50% basaltic and 50% andesitic igneous rocks. The soils are a mixture of the two with addition 
of Mg-sulfate and -chloride plus iron compounds possibly derived from the hematite deposits. 

1. Pathfinder Landing and Sojourner Exploration 

On July 4, 1997, the Mars Pathfinder spacecraft (see Golombek et al., 1999, for 
mission details) landed at the mouth of Ares Vallis, 19.28°N and 33.52°W. The 
Alpha-Proton-X-ray-Spectrometer (APXS) was switched on the first day on Mars 
and returned an alpha-backscatter spectrum of the well-explored Martian atmo­
sphere identical to one obtained in the laboratory from CO2. 

During the 83 days on Mars until radio contact was lost, Sojourner encircled the 
lander within 12 m radius driving a total distance of 104 m. During this time the 
sensor head of APXS was placed on 9 rocks and on soils at 7 locations. However, 
mainly because of electronic noise, not all of the acquired spectra were useful. 

2. The APX-Spectrometer 

The APXS, mounted on the rover Sojourner, returned chemical analyses of Mar­
tian rocks for the first time. Viking Landers 1 and 2 only returned in-situ X-ray 
fluorescence (XRF) analyses of soil samples, as neither rocks were within reach of 
the arms nor devices were on board to acquire and prepare solid samples. 

The APXS of PF was originally designed for the Russian Mars 1996 Mission, 
which failed during launch. The APXS technique enables us to chemically analyze 
soils and rocks without any sample preparation. The spectrometer's sensor head 
(Figure 1) simply had to be put against the sample so that it was irradiated by alpha 
particles emitted by 244Cu sources. The instrument had three modes of operation: 

.... Space Science Reviews 96: 317-330, 2001. 
ft © 2001 Kluwer Academic Publishers. 
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Figure 1. Functional scheme of the APXS sensor head (diameter 50 mm). 

1. Alpha-back-scattering, known as Rutherford scattering. The energy of the al­
pha particles scattered by about 1800 is a direct measure of the mass of the 
nucleus on which the scatter occurred; it is measured by solid-state detectors. 

2. In a few cases the nuclei of the target undergo alpha-proton reactions. The 
protons produced have energies specific to the target nucleus. As this mode 
requires very long counting times to compete with the other two modes with 
respect to accuracy, it is only of minor importance. 

3. The alpha particles also interact with the electron shell of the target nuclei 
generating characteristic X-rays analyzed by a solid state detector. 

The alpha-back-scatter mode is especially useful to analyze the light elements C, 
Nand 0, while the X-ray mode is advantageous for all elements heavier than Na. 

All measurements were performed with a sampled area of 50 mm in diameter. 
The depth of analysis depends on the composition of the sample but is generally 
on the order of a few fLm. All elements, except H, can be and were analyzed. Thus, 
the measurement geometry does not need to be known precisely if one normalizes 
to 100%. For a detailed description of APXS, see Rieder et al. (1 997a). Figure 2 
illustrates the X-ray spectra obtained from the dark soil of the Mermaid Dune and 
the rock Half Dome. The mobility of the rover was very important to the investi­
gation, enabling analysis of a variety of samples selected from images taken by the 
Imager for Mars Pathfinder (IMP) on the lander. 

3. APXS Analyses at Ares Vallis 

The preliminary data of the APXS analyses (Rieder et al., 1997a) had to be revised 
because of the following reason. During tests of the APXS at JPL the electronic 
driver circuit for the motor activating a shutter in front of the radioactive sources 
failed and the project decided to discard this circuit and fly the instrument with an 
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Figure 2. X-ray spectra of rock Half Dome and the dark soil of Mermaid Dune. The Ar peak is due 
to the 1.6% Ar in the Martian atmosphere within the APXS sensor head. 

open shutter. Consequently, the thin aluminaIVYNS foil in front of the sources and 
its support grid were also removed, because without the shutter the foil would be 
exposed to a high radiation dose during the flight and probably break on landing. 
However, all calibrations were carried out with this foil and its support grid in front 
of the alpha-sources. This foil had originally been installed in order to prevent 
contamination of calibration samples with source material, emitted by a process 
known as "recoil sputtering". The support grid of this foil reduces the flux of alpha 
particles by about 15%, whereas the attenuation of the flux of X-rays from the 
source is almost negligible. 

This difference and other minor revisions due to more precise recalibrations lead 
to higher Fe concentrations for all samples by ""25%, while the Si concentration 
was reduced by "" 1 0% compared to the preliminary results (Rieder et al., 1997b). 
In the case of K, appearing to the left of the Ca peak shoulder, a considerable mis­
take was recognized in the separation procedure of the two peaks. The data listed 
in Table I are the same corrected ones as in BrUckner et at. (2001). In spite ofthese 
differences, the major observations of Rieder et at. (1997b) remain unchanged. 

Table I contains the data for the most reliable but least disturbed measurements 
of the soil samples A4, AS, AlO, and A15. All data were normalized to 100%, 
although in some cases the sums reached only about 80% because of inadequate 
positioning of the APXS sensor head. 

The chemical composition of all the soil samples was almost identical, indepen­
dent of the color and appearance of the ground. Altogether the soil composition at 
Ares Vallis was very similar to the landing sites of Viking 1 and 2 at Chryse and 
Utopia. This might well mean that the Martian soil is homogeneous on a global 
scale, having been distributed and mixed by impacts and storms. 
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TABLE I 

Composition of soils and rocks at the Mars PF landing site. Corrected data (August 2000) in 
weight-%, normalized to 100%, based on AXPS Mainz re-calibration. The average error given in 
the last line includes the error due to counting statistics as well as the error from the calibration 
curves. For details, see Briickner et ai. (2001). 

Sample I Na2 0 I MgO I Alz031 Si021 P2 051 S031 CII Kz 0 I CaO I Ti021 Cr2031 MnO I Fe203 

Soils 

A-4, soil 1.00 9.95 8.22 42.5 1.89 7.58 0.57 0.60 6.09 1.08 
A-5, soil 1.05 9.20 8.71 41.0 1.55 6.38 0.55 0.51 6.63 0.75 
A-IO, soil 1.32 8.16 7.41 41.8 0.95 7.09 0.53 0.45 6.86 1.02 
A-IS, soil 0.97 7.46 7.59 44.0 1.01 6.09 0.54 0.87 6.56 1.20 
Mean Soil 1.09 8.69 7.98 42.3 0.98 6.79 0.55 0.61 6.53 1.01 
Mean Viking soi1a - 6.4 8.0 47.0 - 7.9 0.5 <0.15 6.4 0.7 

Cemented Soil I I I I I I I I I I I 
A-8, Scooby Doo 1.56 7.24 9.09 45.6 0.61 6.18 0.55 0.78 8.07 1.09 

Rocks 

A-3, Barnacle Bill 1.69 3.20 11.02 53.8 1.42 2.77 0.41 1.29 6.03 0.92 
A-7, Yogi 1.19 6.71 9.68 49.7 0.99 4.89 0.50 0.87 7.35 0.91 
A-16, Wedge 2.30 4.58 10.24 48.6 1.00 3.29 0.41 0.96 8.14 0.95 
A-l7, Shark 2.03 3.50 10.03 55.2 0.98 1.88 0.38 1.14 8.80 0.65 
A-18, Half Dome 1.78 3.91 10.94 51.8 0.97 3.11 0.37 1.10 6.62 0.82 

Shergottyb 1.2919.281 7.07 1 51.4 1 0.8010.3310.0111 0. 16 110.0 1 0.87 1 
CIc meteorite 0.68 15.5 1.55 22.8 0.23 13.5 0.067 0.062 1.26 0.073 

Calculated 
2.461 1.51 1 11.0157.01 0.951 o.~o 1 0.321 1.3618.091 0.691 soil free rock 

Av. error (reI %) I 40 1 10 1 71 10 1 20 I 20 I lSi 10 1 10 1 20 I 

a Data from Clark et al. (1982), normalized to 95.6% to account for Na, P, Cr, and Mn. 
b Data from Banin et al. (1992). 
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19.6 
23.0 
23.6 
23.0 
22.3 
19.7 

18.7 

FeO 

16.2 
16.7 
18.9 
14.8 
18.1 

19.4 
23.5 

15.7 

5 

The agreement with Viking data is good in most cases (Table I). From the mea­
surements of the XRF-spectrometer on board Viking 1 and 2, Clark et al. (1982) 
reported only upper limits of 0.15% K20, whereas from the APXS ofPF 0.6±0.1 % 
K20 was found in soil samples. It seems likely that Clark et at. (1982) might have 
overestimated the sensitivity considerably, otherwise one has to assume that the 
much higher K concentrations in the PF soil are derived from local K-rich rocks. 

Special emphasis was given to obtaining information on the C content of Ares 
Vallis soils and rocks from the alpha-mode. Unfortunately, the sensitivity for C 
was drastically reduced by the background due to the CO2 of the thin Martian 
atmosphere ('''6.5 mbar), so that only upper limits of 0.8 wt-% C (corresponding 
to '"'-'5% MgC03) can be given for both soils and rocks at the PF landing site. 
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Figure 3. MnO versus FeO. While the data point for the PF soil samples fall exactly within the area 
of those of the Martian meteorites; the mean rock data point deviates slightly but within the error 
limit still agrees with the Martian meteorites. 

In fact, carbonates should not be expected in the Martian soil because of the 
dominance of S03 (Wanke and Dreibus, 1994; Clark, 1999). Shergottites, the most 
abundant group of Martian meteorites, contain mantle derived concentrations of 
"-'200 ppm H20, "-'100 ppm CO2, and between 1200 and 5600 ppm S02. Terrestrial 
MORB contain "-'2000 ppm H20 and similar concentrations of S02 and CO2. On 
Mars, which is much poorer in H20 and CO2 but similar or richer in S02, it is 
expected that S02 dominates the volcanic gases. At least part of S02 will be quickly 
transformed to S03, which together with water vapor will produce sulfuric acid 
which in tum will decompose carbonates and return CO2 to the atmosphere. 

One minor element, which could be analyzed with meaningful accuracy by 
APXS at the PF landing site on Mars is Mn. Manganese strongly correlates with 
Fe on the Earth and the Moon. Hence, the FelMn ratio is indicative of the samples' 
parent body. The mean FelMn ratio of PF rock and soil samples of 39 ± 11 agrees 
well with the FelMn ratio of shergottites of 39 ± 2. This qualifies as additional 
proof of the parent body of the Martian meteorites (Figure 3). A similar argument 
is derived from the Cr concentration in Martian meteorites and the PF rocks and 
soil, except that the accuracy of the measured Cr concentration is lower due to the 
lower absolute concentrations especially in the rocks. In the case of Mn, we have 
to admit that rocks from any parent body not depleted in Mn in its silicate phase 
like eucrites will plot close to the Mars data points, too. 

Another minor element of importance is P. However, the P peak sits on the 
shoulder of the 50-times larger Si peak and, hence, P data have errors of "-'30%. 
The observed P concentrations in the Martian samples ("-'0.4 wt-%) are very high 
when compared to terrestrial crustal concentrations of only "-'0.1 %, but these values 
are in line with high P concentrations predicted for the Martian mantle by Dreibus 
and Wanke (1987) from data on Martian meteorites. 
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4. Composition of the Rocks 

To derive rock compositions, the signal due to dust coatings had to be subtracted. 
The analyzed soils show sulfur concentrations of(2.72±0.27) wt-%. The measured 
S concentrations for the PF rocks, ranging from 0.75 to 1.96 wt-%, by far exceed 
the concentrations accommodated in magmas or igneous rocks. As evident from 
the PF IMP-camera images, the surfaces of the rocks are covered to varying de­
grees with adhering dust. When plotted against S most elements form linear arrays 
for the rocks analyzed (Figure 4). Extrapolation of the regression lines to zero S 
content yields the approximate composition of soil-free unalterated rocks (Rieder 
et al., 1997b). The rocks Shark and Barnacle Bill most closely approximate the 
composition of the soil-free rock. Minimal contamination by dust relative to other 
analyzed rocks is also evident from high-resolution IMP-camera images, which for 
these rocks exhibit higher red to blue reflectance ratios (McSween et al., 1999). As 
shergottites contain S in amounts between 0.13 to 0.2S%, it might be more appro­
priate to assume for the PF rocks, which are more fractionated than shergottites, S 
concentrations of about 0.3 wt-%. Hence, in a new approach Bruckner et al. (2001) 
extrapolated to 0.3% S rather to zero to find the composition of a soil-free rock. 
This procedure yields differences in the amounts for Si and Fe of <5% relative, 
but raises the MgO concentration from 0.6 to 1.5%. The good fit of all rock data 
to the regression lines (Figure 4) indicates an almost identical composition of the 
4 rocks analyzed. Sample AS (Scooby Doo), although of rock-like appearance, is 
identified by its composition as cemented soil. The lower P content of Scooby Doo 
compared to all other analyzed samples seems to be real. 

The composition of the rocks relative to the soil yielded a surprise. The Martian 
soil with its considerable Mg concentration was taken as evidence for a mafic crust 
of Mars. The Martian meteorites have mafic to ultramafic composition, too. In 
contrast, the rocks at Ares Vallis turned out to represent highly fractionated crustal 
material, rich in Si02 and K, but low in Mg. This holds regardless of the not­
yet-solved nature of these rocks, i.e. igneous or sedimentary. The composition of 
the PF rocks, together with that of the soil in which they are embedded, as well 
as the average composition of the Martian meteorites, is illustrated in Figure 5. 
The huge compositional difference between soil and rocks cannot be explained 
by diminution of these rocks, even considering weathering and interaction with 
volcanic gases S02 and HCl. Addition of material richer in Mg and Fe, but poorer 
in K and Cr as observed by the Martian meteorites, seems unavoidable. 

Taking the almost identical soil composition at the three landing sites as rep­
resentative for the whole surface soil of Mars, the Mainz group (Bruckner et al., 
1999) has shown that all elements fit into a two-component mixing diagram with 
the PF rocks on the high K-low Mg side and the Martian meteorites on the opposite 
side (Figure 6). Hence, it was concluded that large geologic units of andesitic (PF 
rocks) as well as of basaltic (Martian meteorites) composition must exist on Mars 
and cover about equal areas. Bandfield et al. (2000) recently confirmed this model 
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Figure 4. Top panels: Linear regression lines for Si and Mg versus S of PF rocks and soils. The 
good fit of all the soil samples can be taken as an indication that the S is present in form of MgS04. 
Middle panels: Linear regression lines for Fe (left). In the case ofP (right) for which the uncertainties 
amount to about 30% for samples indicated by solid data points while those with open circles have 
even higher uncertainties. Six of the ten samples analyzed yield P concentrations of about 0.43%. 
The spectra of samples A3, A4, and AS are difficult to analyze because of electronic noise. Hence, 
the true P values might be considerably lower. However P in A8, the cemented soil Scooby Doo, is 
definitely low. Lower panels: Linear regression lines for K and Cl. Although Cl in the soil is most 
likely to a large extent due to the presence of evaporates formed by HCl from volcanic exhalation, 
the PF rocks seem to contain intrinsic Cl, too. 
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soil as Fe203, but in form of FeO for the endmember rocks. MPF (Mars Pathfinder) Mean Rock is 
corrected for soil free. 
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TABLE II 

Composition of the Martian soil: Comparison of measurements with the composition derived 
from a mixing model, which yields the following components from a least squares fit: An­
desitic component (soil free PF rocks) = 54%, basaltic component (mean composition of SNC 
meteorites) = 28%, Mg-sulfate = 10%, hematite = 7%, and ilmenite = 0.9%. 

Soil 

Calculated 

Measured 

MgO 

8.6 

8.7 

7.4 

8.0 

42.6 

42.3 

6.9 

6.8 

0.7 6.2 1.0 

0.6 6.5 1.0 

22.3 

22.3 

with Thermal Emission Spectrometer (TES) data from the Mars Global Surveyor 
(MGS). The soil composition and its relation to specific rock types, respectively to 
their weathering products, has been discussed by a number of authors (e.g. Bell et 
ai., 2000; McLennan, 2000; McSween and Keil, 2000). McSween and Keil favor 
the view that basalts, chemically similar to basaltic shergottites, and evaporitic salts 
dominate the surface geology of Mars. We believe that admixture of the andesitic 
component is needed in addition, especially to account for K. 

In the two-component mixing diagram (Figure 6), MgS04 and MgClz have been 
subtracted. There is a reasonable fit for all elements except for Fe. The definite 
difference in the case of Fe between the concentration predicted from the two­
component mixing diagram suggests that in addition to the above mentioned major 
components, an Fe rich component has been admixed to the soil, too. Areas rich 
in hematite have recently been observed at the surface of Mars (Christensen et 
ai., 2000). Hence, addition of Fe from hematite deposits seems plausible. Table II 
shows an attempt to account for the Martian soil by adding MgS04 and hematite 
(plus small amounts of ilmenite) to the basaltic and andesitic component. However, 
one should bear in mind that both MgS04 and hematite were originally supplied 
by weathering of basaltic material. Hence, the conclusion of an '"" I : 1 abundance 
of andesitic and basaltic material is still justified. Pathfinder rock compositions, 
extrapolated to 0.3 wt-% S to account for the adhering soil, contain 57.0% Si02 

and thus fall on the border line between basaltic andesites and andesites, according 
to the chemical classification of volcanic rocks after Le Bas et ai. (1986). 

S. Petrogenetic Model 

Although a magmatic origin of Pathfinder rocks is far from being proven, the hy­
pothesis of their formation as late differentiates of more primitive Martian magmas 
deserves to be tested. Out of different groups of SNC meteorites, widely believed 
to be the fragments from Martian surface (Bogard and Johnson, 1983; McSween, 
1994; Walker et ai., 1979), shergottites belong to magmatic rocks with the largest 
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proportion of the crystallized intercumulus melt. Compositions of Martian basaltic 
meteorites impose certain constraints on the mechanism of magma generation in 
the mantle of this planet (Ryabchikov and Wanke, 1996). It has been concluded that 
magmas with compositions similar to the bulk composition of Shergotty cannot be 
produced by direct melting of Mars primitive mantle (Wanke and Dreibus, 1988). 
Instead, they require a source, which may be derived from Dreibus-Wanke primi­
tive mantle, after it had lost "-'5% garnet (possibly at the stage of a global magma 
ocean), and also after subsequent extraction of "-'20% basaltic material, which may 
be stored now in the crust of Mars. This source has a harzburgite composition, and 
the modelling of its partial melting at 1.3 - 0.8 GPa yields magmas, which, after 
the fractional crystallization of "-' 10% olivine, may produce melts similar to the 
Shergotty bulk composition (Ryabchikov and Wanke, 1996). 

On the Earth, second-stage partial melting of refractory harzburgites takes place 
during the subduction of young and, thus, hot suboceanic lithosphere at relatively 
shallow depths. It produces boninite magmas, which, being highly magnesian melts, 
are relatively silica-rich, and they crystallize substantial amounts of low-Ca py­
roxenes (Crawford et aI., 1989). Like boninites, shergottites are characterized by 
elevated molar silica contents, and low-Ca pyroxenes in them play an important 
role. Terrestrial boninites are parental melts to magmatic series which in many 
cases include siliceous differentiates: andesites and even dacites. This evolution 
trend is facilitated by elevated Si02 contents in the initial magmas. Given this, 
production in Martian magma chambers of silica-rich melts similar to PF rocks 
during the fractional crystallization of shergottite-like primitive magmas seems 
quite possible. The evolution of shergottite-like melts towards silicic composition 
during fractional crystallization is supported by the presence of Si02-rich residual 
glass in Shergotty (Stolper and McSween, 1979). Numerical modeling of the frac­
tional crystallization of a melt of Shergotty composition using the COMAGMAT 
program (Ariskin et aI., 1993) showed that at oxygen fugacity close to the Quartz­
Magnetite-Fayalite (QMF) buffer residual melt with a composition close to the 
PF soil-free rock (henceforth PFSFR) may be produced (Dreibus et aI., 1998), 
whereas the MELTS program (Ghiorso and Sack, 1995) for the same purpose 
yielded negative results (McSween et aI., 1999). Neither computer program is well 
calibrated for compositions similar to Martian rocks, and, therefore, both results are 
not conclusive. In an effort to assess the crystallization trend of Martian magmas, 
Figure 7 plots the projections of shergottite bulk composition together with com­
positions of residual glass from Shergotty and the PFSFR onto the ternary joins 
of the system CaO-MgO-FeO-Ah03-Si02 with MgO + FeO treated as a single 
component. These diagrams show that more Mg-rich basaltic shergottites plot close 
to an olivine control line* for some common primary magma. In fact, there are 
likely to be a range of primary magmas with similar compositions. It follows from 

* Olivine control line is a line, emanating from the projection of olivine composition (OL in 
Figure 7), which corresponds to the compositional trend of magmas or magmatic cumultes, caused 
by the crystallization of olivine as the only solid phase. 
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Figure 7. Projections of basaltic shergottites (triangles; ordered by decreasing Mg+Fe fraction on 
Ca-(Mg+Fe)-AI projection: Dar al Gani 476, Zagami , Shergotty, EETA B, Los Angeles, QUE 
94201), late interstitial glass of Shergotty (rhomb; Stolper and McSween, 1979) and PF soil free rock 
(square) on Ca-(Mg+Fe)-AI and Si-(Mg+Fe)-(Ca+AI) compositional triangles (atomic proportions). 
The line shows the evolution of the melt composition during the fractional crystallization (at I atm 
and an oxygen fugacity 0.5 log unit above QMF buffer) of the estimated primary magma of Shergotty 
(Ryabchikov and Wanke, 1996) calculated using the COMAGMAT program (Ariskin et ai., 1993) 
with the revised parameters for equilibria with Fe-Ti oxides (Ariskin and Barmina, 1999). 

these data that Dar al Gani 476 probably contains accumulated olivine, whereas 
Shergotty and Zagami are likely to have been produced by olivine fractionation 
from more primitive melts (Ryabchikov and Wanke, 1996). Shergotty and Zagami 
do not contain early olivine but probably the melts of their bulk compositions are 
close to olivine saturation, and they plot close to the end of an olivine control 
line. More evolved shergottite melts (EETA 7900lB, Los Angeles, QUE 94201) 
deviate from an olivine control line due to the prevailing crystallization of low­
Ca pyroxenes. At still later stages, the melt evolves towards the composition of 
residual glass in Shergotty, because the fractionation of other minerals (pyroxenes, 
feldspars and possibly titanomagnetite) controls the evolution of melt composi­
tion. It can be seen from Figure 7 that PFSFR plots close to the line connecting 
points for evolved shergottite bulk compositions and residual glass from Shergotty, 
which suggests that melts similar to PFSFR could have been produced during the 
fractional crystallization of more primitive shergottite-like melts. 

During this process, a certain reduction of the Fe content should take place. This 
may be achieved through the crystallization of titanomagnetite. This would imply 
that titanomagnetite should be a liquidus mineral for PSFSR melt, which would 
require a certain level of oxygen fugacity. The conditions of equilibria of Fe-Ti 
oxides with melts of various composition has been recently formulated by Ariskin 
and Barmina (1999). Using their results one may estimate for 1 atm pressure, 
that titanomagnetite becomes a liquidus mineral for the PFSFR composition at 
i02 approximately 0.5 log unit above the QMF buffer. The i02 values for the late 
stage of Shergotty formation had been estimated also to be close to the QMF buffer 
(presence of late fayalite-rich olivine, cristobalite and titanomagnetite, Stolper and 
McSween, 1979). Therefore, the formation of PFSFR-like melts during the frac-
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tional crystallization of Shergotty-like primitive magmas at this level of oxygen 
fugacity, which is also typical for terrestrial magmatism (Haggerty, 1978), may be 
considered as a plausible mechanism of the formation of the magmatic precursors 
of PF rocks. During the accretion of Mars, substantial amounts of volatile-rich ma­
terial must have been involved (Wanke and Dreibus, 1988) and intense degassing 
took place, which is likely to have resulted in relatively elevated average oxygen 
fugacity in the Martian mantle. In the case of more reduced conditions, initital 
melts of boninitic or basaltic composition may also produce Si-rich melts as late 
differentiates due to the loss of Fe in form of Fe-rich immiscible melt. Such a 
process has been observed in many terrestrial and lunar rocks (Philpotts, 1982; 
Roedder, 1951, 1992; Roedder and Weiblein, 1970; Ryabchikov et ai., 1985). 

6. Summary 

The first in situ analysis of Martian rocks by the Pathfinder mission provided a 
wealth of information not only about its specific landing site but also about the 
global surface chemistry of Mars and the planet's geochemical evolution: 

1. Martian soil likely represents material from diminuated rocks of varied com­
position and their reaction products with volcanic gases, especially S02 and 
HCl, mechanically mixed and distributed on a global scale by dust storms. 

2. The felsic endmember rocks have high Si02, high K, but low Mg contents, 
chemically corresponding to terrestrial andesites or icelandites. The second 
endmember rocks have basaltic composition similar to the mean composition 
of Martian meteorites. 

3. The geologic units of andesitic and basaltic compositions cover similar por­
tions of the Martian surface as suggested by Bruckner et ai. (1999), and as 
recently confirmed by TES data from the MGS orbiter (Bandfield et ai., 2000). 

4. In addition, the Martian soil seems to contain'" 1 0% MgS04 and'" 1 % chloride 
either in form of NaCl or MgCh, derived at least in part from evaporates, as 
well as about 7% hematite, plus small amounts of Ti-containing phases. 

5. Carbonates are low or absent in the Martian soil as was predicted by Wanke 
and Dreibus (1994) because of the dominance of sulfates. 

6. SNC meteorites are confirmed to originate from Mars, as they have element 
variation patterns identical to PF rocks and similar high abundances of P. 

7. The high concentrations of P and Fe in the PF rocks confirm the prediction by 
Dreibus and Wanke (1987) for the Martian mantle. 

8. The K concentrations in the Martian soil ('" 0.5%) are considerably higher 
than those reported by the Viking missions, but are in line with gamma-ray 
data as reported by Surkov et al. (1989). 

9. At present, it is not possible to decide conclusively on the genesis - sedimen­
tary or igneous - of the PF rocks. However, from a petrogenetic point of view, 
an igneous origin is theoretically possible. 
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Abstract. Besides Earth, Mars is the only planet with a record of resurfacing processes and environ­
mental circumstances that indicate the past operation of a hydrologic cycle. However the present-day 
conditions on Mars are far apart of supporting liquid water on the surface. Although the large-scale 
morphology of the Martian channels and valleys show remarkable similarities with fluid-eroded 
features on Earth, there are major differences in their size, small-scale morphology, inner channel 
structure and source regions indicating that the erosion on Mars has its own characteristic genesis and 
evolution. The different landforms related to fluvial, glacial and periglacial activities, their relations 
with volcanism, and the chronology of water-related processes, are presented. 

1. Introduction 

Besides Earth, Mars is the only planet with a record of resurfacing processes and 
environmental circumstances that indicate the past operation of a hydrologic cycle. 
In 1972 for the first time the Mariner 9 photographs showed large erosion features 
of giant channels and branching networks of small valleys on Mars. The Viking 
orbiter images obtained in 1975 provided more details of these channels and valleys 
indicating many flow-like features which seemed to be formed by running water 
(Masursky et al., 1977; Baker and Kochel, 1979; Pieri, 1980; Carr, 1981). However 
the present-day conditions on Mars with average temperatures well below freezing 
and atmospheric pressures at or below the 6.1 mbar triple point vapor pressure of 
water are far apart of supporting liquid water on the surface. 

Although the large-scale morphology of the Martian channels and valleys show 
remarkable similarities with fluid-eroded features on Earth, there are major dif­
ferences in their size, small-scale morphology, inner channel structure and source 
regions indicating that the erosion on Mars has its own characteristic genesis and 
evolution. The details of the channel forming processes are still unknown. For­
merly, in analogy to similar features on Earth and with respect to their morphologic 
development the Martian valleys have been categorized as outflow channels, fret­
ted channels, run off channels and quasi-dentritic networks (Sharp and Malin, 
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1975; Carr, 1981). However these names anticipate a formation process by running 
water that may not be justified in all cases. 

The valley networks are almost entirely restricted to the old uplands and the 
simplest explanation is that the valleys are old themselves and the climatic re­
quirements for valley formation were met early in the planet's history and rapidly 
declined during the subsequent evolution. A warmer, wet Mars with a dense at­
mosphere at the time after the heavy bombardment is supposed to provide the 
conditions for valley formation by running water. However, recent images obtained 
by the the Mars Observer Camera (MOC) experiment onboard Mars Global Sur­
veyor (MGS) show relatively young small-scale alcove-like gullies combined with 
small channels and aprons in the walls of impact craters, thus indicating even recent 
groundwater seepage and probably short-term surface runoff under almost current 
climatic conditions (Malin and Edgett, 2000a). 

2. Landform Related to Fluvial, Glacial, and Periglacial Activity 

2.1. CHANNELS AND VALLEY NETWORKS 

Many attempts have been made to explain the Martian erosion without includ­
ing water such as formation by lava flows, winds, debris flows and liquid hy­
drocarbons (Carr, 1977; Schonfeld, 1976; Cutts and Blasius, 1981; Nummedal, 
1978; Nummedal and Prior, 1981; Yung and Pinto, 1978), but none of these theo­
ries is able to comprehensively describe the formation of the associated flow-like 
features. Therefore most scientists investigating erosion landforms on Mars argue 
that water either in liquid form or as ice has been involved in the development of the 
Martian erosion (Baker et at., 1992; Carr, 1996a; Lucchitta and Anderson, 1980). 
This led to the assumption that liquid water might have been stable on the surface in 
the past history of Mars (Sharp and Malin, 1975; Carr, 1981; Mars Channel Work­
ing Group, 1983; Baker et al., 1992). Among several authors, glacial landforms 
on Mars have been reported by Lucchitta et at. (1981) and Lucchitta (1982), who 
questioned the hypothesis that outflow channels were generated by catastrophic 
floods of liquid water. Recent discussions about Martian erosion clearly distinguish 
between a fluvial channel, which is the conduit through which a river flows, and 
a valley, which refers to a linear depression and a fluvial valley which generally 
contains many channels (Mars Channel Working Group, 1983; Carr, 1996a). 

Outflow Channels. These are several to tens of kilometers across, reaching 
length of a few hundreds to thousands of kilometers with gradients of channel 
floors ranging from 0 to 2.5 mlkm (Baker et at., 1992). Tributaries are rare, but 
branching downstream is common resulting in an anastomosing pattern of channels 
(Carr, 1996a). The channels tend to be deeper at their source than downstream 
and in general have a high width to depth ratio and low sinuosities (Baker et al., 
1992; Carr, 1996a). Isolated upland remnants separating channels, mesa-like rem­
nants at channel borders, hanging valleys, transected divides, and expansion and 
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constrictions of the channel beds are common. A variety of bedforms are located on 
the floors of outflow channels (Baker, 1979, 1982; Baker et al., 1992; Carr, 1979, 
1986; Lucchitta, 1982; Komar, 1983, 1984; Mars Channel Working Group, 1983) 
including residual or recessional headcuts, scour marks around presumed obstacles, 
longitudinal grooves which parallel the presumed flow direction, teardrop-shaped 
islands, inner channels, terraces, cataracts and plucked zones, similar to scabland 
topography which forms by stripping away surface materials due to high-velocity 
turbulent fluid flow (Baker, 1982). Small streamlined features are also present in 
many channels and may be deposition bars. 

The distribution of outflow channels is restricted to four main areas: the vicinity 
of the Chryse-Acidalia basin, west of the Elysium volcano complex in Elysium 
Planitia, the eastern part of Hellas basin and along the western and southern border 
of Amazonis Planitia. By far the largest channels occur around the Chryse basin. 
Outflow channels in this area start in the cratered Xanthe Terra uplands or on high 
volcanic plains at elevations up to 4km above the datum and converge in the Chryse 
basin mainly from the south but also from the southeast and west. On the Chryse 
plains they broaden and finally disappear at about 40'N latitude. Most of the out­
flow channels around Chryse emanate fully developed from circular to elliptical 
depressions termed chaotic terrain (Sharp, 1973a). These areas are 1 - 2 km below 
the surrounding undisturbed terrain and mostly covered with large jumbled blocks 
which are obviously material from the former surface, indication that the chaotic 
terrain has formed by collapse rather than by removal of material from the above, 
indicating the involvement of groundwater in the channel formation process. Many 
of the chaotic terrain east of the Valles Marineris merge westward with the canyon 
system and northwards with outflow channels. In the Elysium region large outflow 
channels originate at fractures oriented radial to the west and northwest flanks of 
the Elysium volcano complex. The channels mostly start at elongated depressions 
that resemble oversized gullies. At the beginning the channels are rectilinear and 
become more sinuous and fluvial-like as the circum-Chryse channels downstream 
to the northwest. The rectilinear channel pattern best observed in Hephaestus Fos­
sae at 22°N, 239°W, indicates that upstream the erosion works along lines of 
structural weakness voting for subsurface erosion (Carr, 1996a) and fast release of 
water. Outflow channels also occur at the eastern flank of the Hellas basin. Again 
these channels originate full sized in elongated depressions and extend downstream 
resembling those around Chryse into the floor of the impact basin. 

Valley Networks. Open branching valleys in which tributaries merge down­
stream, i.e. Valley Networks, are common in the southern highlands. Although 
these valleys resemble terrestrial river valleys they are far less complex than their 
analogues on Earth (Carr, 1995). The number of branches is low with large undis­
sected areas between individual branches. The networks themselves are spaced 
apart leaving large areas of undissected highland between them (Pieri, 1980) indi­
cating that there has been no or only little competition between adjacent drainage 
basins (Carr and Clow, 1981). Individual branches are characterized by their U-



336 MASSON ET AL. 

shaped form with flat floors and steep walls. They vary from channels by the 
absence of bedforms, which are indicators for fluid flow (Mars Channel Working 
Group, 1983). Some valley systems are several 100 km long and a few 10 km wide 
with short accordant tributaries such as Nirgal Vallis. However, the majority of 
the valley systems is typically no longer than 200 km and only a few km wide. 
The valley networks are mainly located in the cratered uplands, the oldest Martian 
terrain at elevations ranging from 2 to over 5 km. Some valley networks drain into 
craters, but most of them start at local heights and drain as winding streams with 
relatively large junction angles of branches into low areas between large impact 
craters, where they terminate against smooth plains (Carr, 1995). Another set of 
channel networks occurs on volcanoes. Although these channels usually are caused 
by lava or volcanic density flows ("nuees ardentes"; Reimers and Komar, 1979), 
there is evidence that valleys on Alba Patera, Ceraunius Tholus and Hecates Tholus 
as well as on Hadriaca, Thyrrena and Apollinaris Paterae are compatible with a flu­
vial origin (Wilson and Mouginis-Mark, 1987; Mouginis-Mark et aI., 1988; Gulick 
and Baker, 1990). These valleys are narrower and shallower than their counterparts 
in the uplands and show a more dense drainage pattern with small junction angles. 
At some places the walls of canyons are deeply incised by V-shaped valleys that, 
however, lack deposits at their mouth within the canyon (Carr, 1996a). 

At the upland lowland boundary between about 290° - 3600 W and 30° - 500 N 
fretted channels are exposed. In this area the northern plains interfere in a complex 
way with the highlands. Numerous islands with 1 - 2 km high escarpments are 
isolated from the uplands (Sharp, 1973b). The isolated mesa-like islands are sur­
rounded by aprons with well-developed flow fronts (Squyres, 1978). Flat floored 
broad (up to 20 km wide) steep-walled channels reach deep into the uplands. These 
fretted channels branch upstream as do valley networks. Some of these channels 
have longitudinal ridge-like features on their floors, indicating compressional fea­
tures caused by merging aprons from the walls (Squyres, 1978) and removal of 
materials through the channel by mass wasting downstream (Carr, 1995). Under­
mining and collapse also appear to have been a process in forming the fretted 
channels (Lucchitta, 1984). However, the distinct differences between fretted chan­
nels and outflow channels on the one hand and valley networks on the other as well 
as the lack of direct evidence for fluvial erosion (Carr, 1995) indicate that fretted 
channels may playa major role in the processes of Martian erosion. 

Valley networks in the uplands are much smaller than outflow channels indicat­
ing smaller corresponding discharges. Therefore, it must be assumed that smaller 
branches of the network froze very rapidly and cut off downstream motion resulting 
in arresting the further development of the valleys (Baker et ai., 1992). However, 
the pattern of dissection produced by valley networks, the drainage development 
and the general valley morphologies have been judged to be similar to those of 
terrestrial rivers and a similar origin has been implied. This led to the assumption 
that the valley networks mainly have formed by running water, and most of the 
discussion of the origin focused on the relative roles of surface runoff and sapping 
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(Sharp and Malin, 1975; Pieri, 1976, 1980; Carr, 1981; Laity and Malin, 1985; 
Baker, 1982, 1990). Consequently these assumption had implications on the evo­
lution of the Martian climate (Carr, 1983, 1996b; Squyres, 1989a; Baker et ai., 
1991, 1992; Squyres and Kasting, 1994). 

Outflow channels, their source regions and termination areas in the northern 
lowlands provide the best evidence for surface water on Mars and a widespread 
groundwater system. The outflow channels can form by running water under cur­
rent climatic conditions because the large amount of released water will prevent 
freezing and sublimation at least during the relatively short periods of flooding 
(Carr, 1979, 1995). The source regions of all outflow channels are directly related 
to tectonic and in the Elysium and Hellas region to volcanic features. This evidence 
together with the fluid-like erosion features of the channels indicate that there is a 
close correlation with fast groundwater release triggered by melting of ground ice 
(Costard et ai., 1999; Aguirre-Puente et ai., 1994), tectonically thinning of the 
cryosphere and thereby providing easy access of groundwater to the surface. 

Compared to alternate hypotheses, such as erosion by lava, wind, or other fluids 
like liquid hydrocarbons, the hypothesis of the catastrophic release of groundwater 
or drainage of surface lakes accounts for most of the observed channel features 
(Baker et ai., 1992). The dimensions of the outflow channels indicate discharges in 
the order of 107 -109 m3 S-1 (Carr, 1979; Komar, 1979; Baker, 1982; Robinson and 
Tanaka, 1990). This is about two orders of magnitude larger than the largest known 
flood events on Earth such as the peak discharges of the Channeled Scabland flood 
of eastern Washington or the Chuja Basin flood in Siberia (Baker, 1973; Baker et 
ai., 1992). Several processes are discussed that may cause large floods on Mars. 
Groundwater under high artesian pressure confined below a permafrost zone may 
break out triggered by events such as impacts or marsquakes, which disrupt the 
permafrost seal either by breaking the surface or sending a large pressure pulse 
through the aquifer (Carr, 1979, 1995, 1996a). This hypothesis requires a thick 
permafrost layer in order to build up the artesian pressure and thus is mainly 
consistent with climatic conditions similar to those of the present Mars. Another 
argument for this mechanism is the low elevation ( < 1 km) of the outflow channel 
source regions compared to the water level of the regional aquifer system (Carr, 
1996b), which provides hydrostatic pressure. After groundwater release, the flood 
would have declined as the artesian pressure dropped and finally came to an end 
when the aquifer resealed by freezing and water could no longer reach the surface. 
The duration of massive flood events is short and has been estimated to last a 
few days to several weeks dependent on the discharge rates (Carr, 1996a). If the 
aquifer were recharged by groundwater flow from distant sources the flood could 
be repeated resulting in episodic events of catastrophic groundwater release. 

Another water release process may be the melting of ground ice by volcanic 
heat that provides local and regional accumulation and migration of groundwater 
(Baker et ai., 1991; Hartmann, 2001). The outflow channels close to the Elysium 
volcanoes and Hadriaca Patera near the Hellas basin are possible examples for 
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this mechanism. A higher thermal gradient will also be thinning the cryosphere 
providing easy access of the surface. Groundwater will also move preferentially 
along faults as indicated by the emergence of channels from fractures in Elysium 
and in Terra Sirrenum, where Mangala Vallis originates at about 16°S, 149°W from 
a graben and continues northwards for several 100 km into the Amazonis basin. 

2.2. CRATER MORPHOLOGY 

The particular pattern of some impact crater ejecta on Mars provides strong evi­
dence for subsurface ice or liquid water. A combination of ballistic deposition and 
surface flow, caused by the presence of ground ice or ground water, was originally 
suggested by Carr et ai. (1977a) to account for their unique morphology. While 
crater ejecta on the Moon are emplaced ballistically and their texture slowly and 
continuously grades radially out into secondary craters, crater ejecta on Mars ex­
hibit flow-like morphologies, some of which include multiple flow-lobe terraces 
(Carr et al., 1977a). These impact structures are termed ejecta flow craters or 
rampart craters. Most investigators attribute this morphology to the presence of 
liquid water or melted ice at the time of impact which mixed with the solid ejecta 
to create a slurry-like mass. 

However, other investigators suggest that a similar morphology could result 
from the interaction of ejecta with the atmosphere (Schultz and Gault, 1979, 1984). 
Ejecta deposits from ejecta flow craters typically wrap around pre-impact terrain 
features, such as ridges, rather than being superposed as a mantle (Figure 1) (Carr, 
1977; Carr et ai., 1977a; Carr, 1996b). This suggests that the ejecta was emplaced 
primarily as a surface or near-surface flow, in contrast to ballistically-emplaced 
ejecta. Moreover, estimates based on Viking Orbiter images show a greater volume 
of ejecta than the crater interior can accommodate, suggesting flow into the tran­
sient crater from the subsurface at the time of the impact (Greeley et al., 1980). To 
assess the morphology of craters and ejecta deposits formed in water-rich targets, 
a series of experiments was conducted at the NASA-Ames Vertical Gun facility in 
which impacts were produced in various viscous materials (Gault and Greeley, 
1978; Greeley et al., 1980; Fink et ai., 1981). The resulting morphologies are 
qualitatively similar to the features observed on Mars, including multiple flow­
lobes which resulted from oscillating central peaks in the experiment. Although 
the entrainment of atmospheric gases seems to be a possible alternative mechanism 
to produce fluid ejecta, most researchers view the dependence of rampart crater 
morphology on size and geographic latitude as a strong argument against this 
hypothesis and favour ejecta fluidization due to subsurface volatiles (Mouginis­
Mark, 1979, 1981, 1987; Johansen, 1979; Battistini, 1984; Wohletz and Sheridan, 
1983; Kargel, 1986; Costard, 1989). 

According to studies on Martian impact craters by Barlow and Bradley (1990), 
most interior morphologies (except central peaks and peak rings) and all major 
ejecta patterns are controlled by the distribution of subsurface volatiles. Barlow 
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Figure 1. Rampart craters at 23°S, 79°W. The small craters, penetrating only the uppermost layers of 
the surface, display only one simple annular lobe (upper right), whereas the larger crater in the middle 
shows multiple lobes outlined by ramparts (Carr, 1996a). Viking orbiter image 608A45 (resolution 
213 mJpixel). 

et al. (2000) conclude that crater morphology is a useful tool to map the regional 
variations in water and ice content on Mars. Moreover, the diameters of the craters 
might indicate the depth to water or ice below the surface at the time of the impact. 
A short summary of Martian crater ejecta morphology by Boyce and Roddy (1997) 
confirms the earlier studies that changes in crater morphology are most simply (but 
not uniquely) explained by the distribution of subsurface water or ice. 

Very small craters with diameters less than a few kilometers never have lo­
bate ejecta. Assuming that ramparts also form due to groundwater or ground ice, 
Kuzmin et al. (1988) derived the global distribution of the water or ice depth 
from the minimum diameter of craters with rampart ejecta. The onset diameters 
are smaller at higher latitudes, indicating shallower levels of water-rich materials. 
Absolute values for the depth to this level are "-'300 - 400 m on the equator and 
100 - 200 m at 65° latitude. For example, small craters would not penetrate to 
sufficient depth to reach deep subsurface water or ice. Using established values for 
excavation depths as a function of final crater diameter (Melosh, 1989), Kuzmin et 
al. (1988) mapped the depth to the cryolithosphere, based on the "threshold" diam­
eter of ejecta flow craters. The results are consistent with models which predict the 
depth to the cryolithosphere, for an assumed thermal regime. 

In another approach, the ratio of ejecta diameter to crater diameter has been used 
to gain information about the subsurface distribution of water. Again, a correlation 
to latitude has been found, the ratio being higher in higher latitudes (Blasius and 
Cutts, 1980; Mouginis-Mark, 1979; Kuzmin et aI., 1988; Costard, 1988; Squyres 
et al., 1992). As already found for the onset diameters of rampart craters, the re-
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sults seem to indicate more near-surface ice in the northern plains (Carr, 1996b). 
A recent global study of rampart craters confirms the earlier results and shows a 
correlation between high concentrations of high mobility ejecta and topography as 
derived from MOLA data (Costard and Kargel, 1999). The highest ratios of ejecta 
to crater diameter are found in large topographic depressions or basins more than 
4000 m below the Martian datum near the mouth of outflow channels in Utopia and 
Acidalia Planitiae (a spatial relation which was already noted by Costard (1994). 
This is in agreement with high concentrations of fractured ground and thermokarst 
in the same regions and suggests the presence of a water or ice-rich subsurface, 
probably caused by sedimentation from the outflow channels. 

2.3. PERIGLACIAL AND GLACIAL LANDFORMS 

A number of Martian surface features (e.g., debris flows, polygons, thermokarst, 
frost mounds) seen in Mariner 9 and Viking Orbiter imagery have been attributed to 
periglacial or permafrost processes (Carr and Schaber, 1977; Rossbacher and Jud­
son, 1981; Lucchitta, 1981, 1985; Squyres, 1978; Squyres and Carr, 1986; Squyres 
et a!., 1992; Carr, 1996b). The main importance ofthese features on Mars lies in the 
implications on the climatic conditions required for their formation. An additional 
point of interest is their potential as life-bearing environment (ESA Exobiology 
Study Team, 1999; Tsapin et a!., 1999; Brinton et a!., 1999). 

Periglacial landforms on Earth are defined as climatically controlled surface 
features adjacent to the Pleistocene ice sheets (Lozinski, 1909; Washburn, 1973; 
Sharp, 1988). The diagnostic characteristics of periglacial domains are freezing 
and thawing ofthe ground (Tricart, 1968, 1969). Permafrost was defined by Muller 
(1947) as a layer of soil or bedrock in which temperatures are below the freezing 
point of water for a continuous period of more than two years, regardless of other 
parameters like texture, lithology, or water content. A unique assemblage of pro­
cesses and landforms is related to this zone of permafrost that spans over 25% of 
Earth's solid surface (Washburn, 1973; French, 1976; Williams and Smith, 1989). 

Debris Flow and Terrain Softening. The transition between the southern cratered 
uplands and the northern lowlands is often marked by a pronounced topographic 
scarp. At the base of this scarp, lobate debris aprons with well defined flow fronts 
and convex-upward surfaces (Figures 2 and 3) extend from the highlands and 
from isolated mesas into the low-lying plains (Sharp, 1973b). They have been 
interpreted as results from gelifluction and/or frost creep (Carr and Schaber, 1977). 
Squyres (1978) suggested flow of a mixture of erosional debris and ice incorporated 
from the atmosphere. Subsequently, Lucchitta (1984) supported most of Squyres' 
ideas, but preferred the idea that water might have been derived from ground ice 
by sapping or scarp collapse. Where the flow of material away from the scarp 
was confined by opposing scarp walls, as it is the case in valleys, the flow fronts 
collide to form linear ridges and grooves resembling terrestrial median moraines 
on glaciers (Figure 2). These deposits are commonly called lineated valley fill. 
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Figure 2. Lobate debris aprons and lineated valley fill in fretted terrain at 33.89°N and 290.07°W. 
The lobate debris aprons radiate from the left valley wall and show characteristics of plastic flow 
(Hamlin et aI., 2000). MOe image 45006, image width about 10 km (resolution 6.03 m/pixel). 

In some places, the morphology of craters seems to be modified by flow of 
the terrain. Crater rims appear to be subdued and small craters are only sparsely 
visible (Jankowski and Squyres, 1992, 1993). Sometimes, material has obviously 
moved down the inner crater wall and forms what is called concentric crater fill 
(Figure 4). Calculations by Squyres (1989b) indicate that near surface flow (as 
opposed to flow of a >5 km deep viscous layer) was responsible for these features. 
All types of terrain softening are mostly seen in a latitudinal belt between 30° 
and 60° (Squyres, 1979; Carr, 1996a). This might be due to the fact that ice is 
not in equilibrium with the present atmosphere at low latitudes (Squyres and Carr, 
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Figure 3. Glacial and periglacial features in Argyre at 52.99°S, 58.25°W. Lobate debris aprons sur­
round the base of steep-sided mountains, esker-like sinuous ridges cover the plains of a hypothetical 
proglacial lake (bottom), and possible cirques (e.g. upper middle part) might have been the source 
regions for glaciers (Kargel and Strom, 1992). Viking orbiter image 352S34 (resolution 236 m/pixel). 

1986). On the other hand, at very high latitudes >60° the temperature are very low 
and, correspondingly, the strain rate of ice when subjected to shear stress drops 
significantly (Shoji and Higashi, 1978) and impedes flow. 

The viscous flow features on Mars have been compared to rock glaciers (Squyres, 
1989b; Colaprete and Jakosky, 1998; Rossi et aI., 2000), which are lobate accumu­
lations of angular rock debris and move down due to deformation of internal ice 
or frozen sediments (Wahrhaftig and Cox, 1959; Barsch, 1988; Benn and Evans, 
1998). Mangold et al. (2000a) used MOLA data to investigate the topography of 
lobate debris aprons. They confirmed the convex-upward shape of the lobes, and 
they agree with earlier assumptions that they form by creep of ground ice. 

Polygons. Most polygonally fractured plains have been found in Acidalia, Ely­
sium, and Utopia Planitiae (e.g. Pechmann, 1980), although they were identified 
also in the Valles Marineris (Blasius et al., 1977) and in very high latitudes north of 
700N (Squyres et al., 1992). Lucchitta et al. (l986a, 1 986b) noted the close spatial 
relationship of the Acidalia and Utopia polygons to the mouths of the Chryse and 
Elysium outflow channels. While the diameters of these giant polygons were in the 
range of 30 km and more in Viking images (McGill, 1985, 1986; Pechmann, 1980; 
Lucchitta, 1983), recent observations by the MOLA and MOC experiments on­
board MGS show that the average width and depth of troughs bordering the interior 
of polygons in Utopia Planitia is 2 km and 30 m, respectively (Hie singer and Head, 
2000). The location of polygons near the end of outflow channels lead Lucchitta 
and Ferguson (1983), McGill (1986), and Lucchitta et al. (1986a, 1986b) to the 
suggestion that ice-rich sediments were cooled and fractured after their deposi-
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Figure 4. Concentric crater fill at 41.72°N, 272.45°W. Material has obviously flown down the inner 
crater wall. While an eolian origin has been suggested by Zimbelman et al. (1988a, 1988b) for these 
landforms, Squyres (J989b) and Carr (l996a) admit an eolian modification, but prefer viscous flow 
or creep as dominant process. Viking orbiter image 425B07 (resolution 16 mJpixel). 

tion and/or self-compacted and accomodated to the underlying terrain. Dessication 
of wet sediments (deposited by water from the giant outflow channels) has been 
proposed by McGill and Hills (1992). 

Pechmann (1980) applied the theory of Lachenbruch (1962) for terrestrial poly­
gons to Martian giant polygons and found that thermal contraction is confined to 
the uppermost 10m of the surface and will not produce deep cracks. The large 
size of giant polygons on Mars is, therefore, incompatible with a generation by 
thermal contraction. Instead, he preferred a tectonic origin. Hiesinger and Head 
(2000) also support a tectonic origin and suggest that it was caused by extension 
due to the uplift of the Utopia basin floor subsequent to the removal of a large body 
of standing water (Head et ai., 1998, 1999). 

Another type of polygons has much smaller diameters of 10 - 100 m and 
was interpreted to be the result of thermal contraction in ice-rich soils based on 
the similar scales as compared to terrestrial ice-wedge polygons (Mutch et ai., 
1977; Evans and Rossbacher, 1980; Brook, 1982; Lucchitta, 1983). Mellon (1997) 
investigated the physical processes producing thermal contraction stresses in Mar­
tian ice-cemented soils and expects the formation of contraction polygons with 
diameters in the 10 m range on Mars, mostly at mid and high latitudes. Many 
recent MOe images show polygons with relatively small diameters (Figure 5). 
They were investigated in detail by Yoshikawa (2000), who concludes that the 
formation of giant polygons is unlikely due to frost contraction cracking, while 
mid size (100 - 200 m diameter) and smaller polygons could be explained by 
ice-rich permafrost layers in the subsurface. 
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Figure 5. Polygonally fractured terrain in the plains of Malea Planum near the south pole. Remnant 
frost from the receding polar cap is trapped in the cracks and enhances the contrast. MOC image No. 
MOC2-l89 (width 1.5 km, resolution 3 m/pixel) by NASA/JPLlMalin Space Science Systems. 

Thermokarst. Thermokarst is defined as "karst-like features produced by the 
melting of ground ice and the subsequent settling or caving of the ground" (Muller, 
1947; Popov, 1956). It is, therefore, the result of local or general, climatically 
induced permafrost degradation. Thermokarst features include linear troughs, col­
lapsed pingos, beaded drainage patterns, thaw lakes, and alases (Kachurin, 1962; 
Washburn, 1973), and the term has also been applied to a variety of processes like 
cryoplanation, thermal abrasion, or thermal erosion (French, 1976). 

Thermokarst on Mars was originally suggested by Sharp (1973a), Anderson 
et al. (1973), and Gatto and Anderson (1975), who noted the similarity of some 
Martian depressions to thermokarst features (thaw lakes and alases) in Alaska and 
Yakutia. However, in these and later works (Carr and Schaber, 1977; Theilig and 
Greeley, 1979; Lucchitta, 1981; Kargel and Strom, 1992) the scales of the features 
were mostly different, the Martian landforms being much larger than their terres­
trial counterparts. In more recent studies based on high-resolution Viking Orbiter 
and MOC images, Costard and Kargel (1995, 1999) confirm the earlier interpre­
tation of Martian pits and depressions as thermokarst features and find especially 
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high concentrations in Utopia Planitia. This is the same region near the end of 
outflow channels where polygonally fractured ground and small rampart craters 
are frequently found. They attribute their generation to the melting or sublimation 
of ice-rich sediments with possible massive icy beds in the subsurface (Costard 
and Kargel, 1999). Surfaces of lobate debris aprons and lineated valley fills are 
also affected by thermokarst processes (Mangold et al., 2000b, 2000c). 

Frost Mounds. Palsas are small frost mounds containing ice lenses or a core of 
ice-rich frozen soil (Lundqvist, 1969; Washburn, 1973; SeppaHi, 1988; Williams 
and Smith, 1989; Nelson et al., 1992). They typically have widths of 10 - 30 m, 
lengths of several meters to 150 m, and heights of a few meters (Forsgren, 1968; 
Washburn, 1973). They are generally smaller than pingos, which can reach di­
ameters of several hundred meters and heights of 50 - 70 m (Leffingwell, 1915; 
Mackay, 1973, 1977; Williams and Smith, 1989). Pingos have massive cores of 
clear ice. Pingos develop by freezing of taliks, i.e. unfrozen layers within or un­
der the permafrost, or from hydraulic or artesian water pressure (Pissart, 1988; 
Williams and Smith, 1989). Pingo-like features on Mars have been reported by 
Rossbacher and Judson (1981), Lucchitta (1981), and Costard (1987), but they 
warn that their interpretation is not unambiguous. First, the size of Martian "pin­
gos" is much larger than their terrestrial analogs (Coradini and Flamini, 1979). 
Second, the resolution of Viking images is not high enough to allow for a discrim­
ination of pingos, pseudocraters (Frey et al., 1979), craters, or secondary craters. 

Eskers and Moraines. Glaciation was discussed in a limited way by several 
authors to account for specific landforms on Mars (Allen, 1979; Clifford, 1980; 
Tanaka and Scott, 1987; Scott and Underwood, 1991; Baker et al., 1991). The 
probably most convincing morphological evidence for ancient glaciation on Mars 
comes from long sinuous ridges mainly found in mid and high latitudes (Fig­
ure 5). They are best developed in the Argyre region. Among the various inter­
pretations (Kargel and Strom, 1992), a formation analogous to that of terrestrial 
eskers seems most plausible (Howard, 1981; Kargel and Strom, 1990, 1991, 1992; 
Kargel et al., 1995; Metzger, 1992), while other interpretations have shortcomings 
(Head, 2000a). Eskers are elongated sinuous ridges of glaciofluvial sand and gravel 
(Banerjee and McDonald, 1975; Warren and Ashley, 1994) and form as infillings 
of ice-walled river channels. Their deposition may occur in subglacial, englacial, 
or supraglacial drainage networks (Benn and Evans, 1998), and there exist several 
morphological classifications of eskers (Brennand, 2000). Sizes are in the range 
of regular stream beds, with lengths from 5 m to 500 km, widths from 25 cm to 
5 km, and heights from several centimeters to 200 m (Grout et al., 1959; Lee, 
1965; Wright, 1973; Shreve, 1985; Metzger, 1991). Esker-like features on Mars 
have dimensions near the upper limits of most terrestrial eskers (Kargel and Strom, 
1992), and, therefore, their interpretation was widely regarded as problematic. On 
the other hand, recent MOLA measurements of the heights and widths of the 
largest Martian features seem to confirm the esker hypothesis (Head, 2000a, 2000b; 
Mangold, 2000). 
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2.4. VOLCANO-IcE INTERACTIONS 

The potential for phreatic (steam) explosions occurs when magma or lava come 
into contact with surface or subsurface water (liquid or frozen). The resulting 
landforms include shield volcanoes composed of ash and small constructs called 
pseudocraters. Since there is evidence for both widespread volcanism (Greeley and 
Spudis, 1978; Mouginis-Mark et aI., 1982) and ground ice on Mars, the interaction 
between both processes seems inevitable. 

Patera is a category of low-profile volcano with channels radiating from central 
calderas. Their flanks appear to be composed of easily eroded materials (Carr et 
aI., 1977b). Subsequent detailed studies (Greeley and Spudis, 1978; Crown and 
Greeley, 1993; Crown et aI., 1992) led to the proposal that these features are ash 
shields which formed by phreatic explosions in their early stages of eruptions. 
The presence of channelized lava flows superposed on the putative ash deposits 
in some of the features (such as Tyrrhena Patera) suggests that the water supply 
diminished with time, leading to effusive eruptions. If this interpretation is correct, 
then the locations of this class of volcano could indicate the presence of abundant 
surface or near-surface water at the time of the eruptions. Numerous small, of­
ten sub-kilometer sized mounds topped with craters occur in Acidalia and Utopia 
Planitiae. An origin as pseudo-craters formed by the explosion of steam due to 
the vaporization of water or ice covered by lava flows (Thorarinsson, 1953) has 
been suggested by Frey et al. (1979) and Frey and Jarosewich (1982). Images 
of MGS show numerous candidate features in Amazonis Planitia. Greeley and 
Fagents (2000) used results from field studies in Iceland and an eruptive model 
to investigate the formation of pseudocraters on Earth and Mars. They found that 
substantially less water is required to form pseudocraters on Mars than on Earth, 
and the Martian features are reasonably formed by phreatic processes. 

Allen (1979), Frey et al. (1979), Hodges and Moore (1979), and Mouginis­
Mark et al. (1982) have reported a variety of landforms related to volcano-ice or 
-groundwater interactions. Icelandic table mountains and Canadian tuyas resemble 
flat-topped mountains with steep sides mostly in northern Martian latitudes (Allen, 
1979; Hodges and Moore, 1979). The table mountains (Allen, 1980) and the tuyas 
(Mathews, 1947; Jones, 1966, 1969) developed by subglacial volcanism as sub­
glacial equivalents to shield volcanoes (Werner et al., 1996; Bourgeois et ai., 1998; 
see Hickson, 2000, for a review of ice-contact volcanism). Ridges and mountains 
in the northern plains of Mars are comparable to terrestrial m6berg ridges (Allen, 
1979; Hodges and Moore, 1979) which consist of tephra and palagonitic tuff and 
represent material from subglacial fissure eruptions (Kjartansson, 1959, 1960). 

The close spatial proximity of braided channels with streamlined islands to the 
Elysium volcanoes has lead to the idea that channel formation was due to volcano­
ice interactions (Mouginis-Mark et ai., 1984; Mouginis-Mark, 1985; Squyres et aI., 
1987). A detailed investigation of the Elysium region by Mouginis-Mark (1985) 
showed that pseudo-craters, melt water deposits or jokulhaups (formed by the 
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Figure 6. The source area for the outflow channel Dao Vallis near the highland volcanoe Hadriaca 
Patera at about 34°S, 265°W. The close proximity of the collapse features and the volcano (at the 
upper right of the image) suggests an origin by volcano-ice interactions (Squyres et aI., 1987). Viking 
orbiter image mosaic from orbits 408A-41OA (resolutions around 160 mlpixel). 

catastrophic release of water from ice-covered subglacial lakes: B jomsson, 1974, 
1975,2000; Gudmundsson, 1996; Kristmannsd6ttir et al., 1999; T6masson, 2000), 
collapse features, and outflow channels can be attributed to water or ice-contact 
volcanism. Chapman (1994) found evidence for m6berg ridges, table mountains, 
and jokulhlaup deposits, and proposed the existence of a paleoice sheet northwest 
of the Elysium volcanoes in Utopia Planitia. Another region heavily affected by 
volcano-ice interactions lies northeast of Hellas, where large outflow channels have 
source regions close to the ancient highland volcano Hadriaca Patera (Figure 6) 
(Squyres et al., 1987). The same authors see further evidence for similar processes 
in parts of the Medusae Fossae formation (Squyres et al., 1987), which had earlier 
been interpreted as ignimbrites by Scott and Tanaka (1982). 

3. Ancient Bodies of Standing Water 

Melting by volcanic heat and fracture controlled groundwater movement might 
also have contributed to the groundwater accumulation around Tharsis particularly 
in the Valles Marineris region. The canyon floors are 4 to 8 km below the sur­
roundings. Even at a present thickness of the cryosphere of about 2.7 km at the 
equator (Clifford, 1993) water could have leaked into the canyons. New data from 
the MOC give evidence that this mechanism works also in smaller valleys (Malin 
and Edgett, 2000a). Given a global aquifer system it is expected that water will 
pool in the canyons. Layered sediments in several canyons, such as Echus Chasma 
and Ganges Chasma, give evidence for bodies of standing water within large de­
pressions (McCauley, 1978; Nedell et al., 1987). Catastrophic release of such lakes 
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will also form outflow channels (McCauley, 1978). Kasei Vallis is suggested to be 
formed by catastrophic drainage of a former lake in Echus Chasma (Robinson and 
Tanaka, 1990); a large channel in Amazonis Planitia may be the drainage of a 
lake in southern Elysium Planitia (Scott et al., 1992), and Anderson (1992) and 
Chapman (1994) suggest that Granicus Vallis, west of Elysium Mons, developed 
under thick ice deposits as a result of volcanic activity. From Ganges Chasma a 
broad depression trends south to the chaotic source region of Shalbatana Vallis 
indicating subsurface drainage of a possible former lake (Carr, 1995). 

Outflow channels, their source regions and termination areas in the northern 
lowlands provide the best evidence for surface water on Mars. The large outflow 
channels emptied into the northern lowlands and their floods must have left ex­
tended deposits and probably large lakes. The water released by these channels to 
the northern plains is estimated to amount at least 6 x 106 km3 but probably more 
(Carr et ai., 1987). According to Baker et at. (1991), it needs 6 x 107 km3 of water 
to fill up the northern plains to about the O-km contour. The northern plains cover 
an older rougher underground that survived as hills and knobs commonly outlining 
old pre-plain impact craters. The plains are complex deposits probably formed by 
many processes such as sedimentation from outflow channels, volcanism and mass 
wasting from the adjacent highlands modified by impact craters. Ridge-like fea­
tures surrounding the northern plains are interpreted as ancient shorelines (Parker 
et at., 1989, 1993), indicating the boundary of former lakes or a northern ocean. 
This hypothesis is supported by the fact that the shoreline-contacts altitude is close 
to an equipotential line and the plains inside these contacts are extremely smooth 
(Head et at., 1999). Under current climate conditions such lakes or an ocean would 
rapidly freeze and form an ice cover. However they could stabilize if fed by melt­
or groundwater (McKay and Davis, 1991). 

Major uncertainties with the water story concern whether there were ever large 
bodies of water on the surface, and if so when. If Mars has a large inventory of 
water, as appears probable, and if climatic conditions were such the surface temper­
atures were above freezing then large bodies of water are inevitable. High erosion 
rates during the Noachian (Carr, 1992; Craddock and Maxwell, 1993) together with 
thick sequences of layered sediments throughout the Noachian highlands (Malin 
and Edgett, 2000b) strongly suggest warm conditions and an active hydrologic 
cycle in the Noachian. Large bodies of water may, therefore, have been present 
at this time, a conclusion supported by the seeming overflow of the Argyre basin 
(Parker, unpublished thesis). The evidence for large bodies of water (oceans) after 
the Noachian is, however, equivocal. Parker et ai. (1989, 1993) identified two dis­
continuous contacts within the northern plains that they claim could be shorelines 
of former oceans. The contacts are based on a variety of observations such as breaks 
in slope, albedo boundaries, and textural contacts. The inner contact 2 encloses a 
volume of 1.4 x 107 km3 ; the outer contact contains a volume of 9.6 x 107 km3 

(Head et at., 1999). The MOLA data show that the outer contact 1 has a wide range 
of elevations ('"'-'6 km) and so is unlikely to be a shoreline. The inner contact 2 is, 
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however at a roughly constant elevation over much of its length, and is a more 
plausible candidate. MOC images have, however, failed to provide any support 
for shorelines (Malin and Edgett, 1999). Post-Noachian oceans are questionable 
on other grounds. Baker et al. (1991) acknowledged that individual floods were 
likely to have been too small to produce ocean sized bodies of water so had to 
invoke the unlikely simultaneous occurrence of many floods. Moreover, how the 
oceans disappeared leaving behind almost no trace is left unexplained. It appears 
more likely that individual floods formed small bodies of water in low lying areas, 
especially in the northern plains, and that these bodies of water either sublimed or 
froze in place and were covered by the next flood. According to this hypothesis, 
therefore, much of the water that participated in the large floods, remains as ice 
deposits below the surface of the northern plains. 

4. Water Sources and Water Budget 

While the geomorphic evidence that water has played a major role in the evolu­
tion of the Martian surface is compelling, large uncertainties exist concerning how 
much water was involved, when liquid water was available on the surface to create 
the landforms, and where all the water went. The present atmosphere, although 
close to saturation, contains only minor amounts of water. If it all precipitated out, 
it would form a layer only 0.7 - 1.4 m deep (Jakosky and Farmer, 1982). The only 
place on the surface where water (ice) has been unambiguously identified is at the 
north pole, where the layered terrains have a volume of 1.2 to 1.7 x 106 km3 (Smith 
et aI., 1999). If they consisted entirely of water-ice, which is unlikely, the volume 
of their water could cover the entire planet to a depth of 10 m. For comparison, the 
Earth's oceans contain enough water to cover the entire Earth to a depth of "-'3 km. 
If the large outflow channels were cut by large floods, and the valley networks were 
cut by slow erosion of running water, as appears likely, then the planet has either 
lost large amounts of water since the channels and valleys formed, or large amounts 
of water are hidden beneath the surface as ground ice or groundwater. 

Estimates of the amounts of water needed to produce the fluvial and lacustrine 
landforms observed on Mars are little more than educated guesses. By directly 
measuring canyon and channel volumes, and ignoring those volumes seemingly 
produced by faulting, Carr et al. (1987) estimated that 4 x 106 km3 of material 
had been eroded away by water to form the canyons and outflow channels that 
drain into Chryse Planitia. If we assume, following Komar (1980), that the water 
carried a maximum sediment load 40 percent by volume, then 6 x 106 km3 of 
water, TOughly equivalent to 40 m spread over the whole planet have flowed into 
and across southern Chryse Planitia. If we further assume that the water in the 
outflow channels that entered Chryse Planitia was not recycled in some way, such 
as by polar basal melting (Clifford, 1987) or by precipitation (Baker et aI., 1991), 
but instead represents a one way transfer of water from the deep megaregolith to 
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near-surface sinks (Carr, 1996b), then the 40 m represents a lower limit for the 
global inventory of water. The actual inventory is likely to be much larger, possibly 
a few hundred meters, since numerous outflow channels occur outside the Chryse 
region, and not all the water carried its maximum sediment load. 

The floods in the Chryse region are probably the result both of the draining of 
lakes within the canyons (McCauley, 1978) and eruptions of groundwater under 
high pressure (Carr, 1979). Numerous estimates have been made of peak flood 
discharges from the dimensions of the channels and by extrapolating from empir­
ical data relating discharges of terrestrial rivers to channel characteristics (Komar, 
1979; Baker, 1982; Komatsu and Baker, 1997; Robinson and Tanaka, 1990). The 
estimates generally range from 107 to 109 m3 S-l. To calculate the volume of water 
involved in a flood, we need to know how the discharge changed with time. Individ­
ual floods are likely to have been short lived, a consequence of either draining of a 
lake or draw down in artesian pressure. If we assume a decay time of a month, then 
the total volumes of individual floods for the above discharges would be 2.4 x 104 

to 2.4 X 106 km3. The upper figure appears to be unrealistically high in that it 
is comparable to the volume of all the rock removed around Chryse by all the 
floods. Alternatively, if we assume that lakes in the Ophir and Candor Chasmata, 
with a combined maximum volume of 7 x 105 km3 (Carr et ai., 1987), drained 
catastrophically to the east (McCauley, 1978) with a peak discharge of 109 km3 

then the decay constant of the flood would have been 8 days. The total amount 
of water involved in all the floods is not known but must be well in excess of the 
total volume of material moved. The floods appear to have formed episodically 
over a long period of time, mainly, but not exclusively, in the Upper Hesperian 
and Lower Amazonian (Tanaka et ai., 1992). The above reasoning suggests that 
the floods around the Chryse basin likely had discharges in the 107 to 109 m3 s-l 
range, individual volumes in the 104 to 106 km3 range, decay constants of the order 
of a week, and that they removed roughly 4 x 106 km3 of material and deposited 
it in the northern plains. This discussion has just focused on the circum-Chryse 
channels, but similar reasoning applies to floods elsewhere, as in Hellas, Elysium 
and southern Amazonis Planitia. 

The supposition that most valley networks did not form by floods but by slow 
erosion of running water (Masursky, 1973) appears supported by high resolution 
imaging of valleys such as Nanedi Vallis (Carr and Malin, 2000). The low drainage 
densities (Carr and Chuang, 1997), scarcity of fine scale dissection (Carr and Ma­
lin, 2000), and valley morphology (Baker, 1990) indicate that groundwater seepage 
played a prominent role in their formation. Surface runoff may have played only a 
minor role, because precipitation was limited or infiltration dominated over surface 
runoff. The climatic conditions required for valley formation remain uncertain. 
Theoretical models suggest that they could form under present climatic conditions 
if groundwater could be brought to the surface at sufficient rates (Wallace and 
Sagan, 1979; Carr, 1981; Goldspiel and Squyres, 2000), but the groundwater still 
needs to be recharged by some mechanism, and that mechanism may require much 
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warmer climates than presently prevail. Although valley networks have a wide 
spread in ages (Scott and Dohm, 1992; Carr, 1995), the main period for formation 
was the upper Noachian, well before the main period of flood channel formation. 
During this time erosion rates in general much higher than in the subsequent Hes­
perian and Amazonian periods (Craddock and Maxwell, 1993) were suggesting 
very different climatic conditions. 

Clifford (1987, 1993) and Clifford and Hillel (1983) have proposed a model 
for the history of water in which most of the planet's near-surface inventory has 
existed as ice within an ever-thickening, permanently frozen, cryosphere, or as 
groundwater below the cryosphere. He postulates that the near-surface materials 
are porous to considerable depths as a result of brecciation by impact, mainly dur­
ing the period of heavy bombardment prior to 3.8 Gyr. He suggested, by analogy 
with the Moon, that the porosity decreases exponentially with depth, and estimated 
that the water-holding capacity of the megaregolith could range from 0.5 to 1.4 km 
of water spread evenly over the whole planet. We, of course, do not know what 
fraction is filled. Using heat flows estimated by Schubert and Spohn (1990), he 
suggested that the cryosphere today is roughly 2 km thick at the equator and 6 km 
thick at the poles. For the same surface conditions, higher heat flows at the end of 
heavy bombardment would have resulted in cryosphere thicknesses of 0.4 km at the 
equator and 1.2 km at the poles. Stability relations of water and present climatic 
conditions indicate that ice should be present in the near-surface cryosphere at 
high latitudes but not at low latitudes (Farmer and Doms, 1979). According to this 
model, the valley networks formed mainly by groundwater seepage, early when the 
cryosphere was absent or thin, and groundwater could readily access the surface; 
the outflow channels formed later when the cryosphere had thickened and could 
contain the high hydraulic pressures needed to generate large discharges. 

As indicated above, if the channels and valleys are to be explained mainly by 
groundwater, some mechanism must exist for recharging the groundwater system. 
Numerous authors (Baker, 1982; Carr, 1996b) have suggested that, for the valley 
networks to have formed precipitation was required, if not directly to cut the val­
leys, then to recharge the groundwater system. For precipitation to occur, climatic 
conditions had to be very different from present day conditions. However, Clifford 
(1987) pointed to another way to recharge the groundwater system. He pointed 
out that any water brought to the surface, as in a seepage or flood, would, under 
present conditions, freeze, sublime into the atmosphere, and condense on the poles. 
Ice at the poles would accumulate until the deposits were thick enough for the base 
of the ice deposit to melt. Meltwater could then enter the groundwater system. 
Melting would be more readily achieved early in the planet history when heat flows 
were higher. The process could occur at both poles, but that at the south pole is 
crucial, for its high elevation would enable recharge of the groundwater system in 
the southern highlands where most of the valley networks are. The process is slow 
but hundreds of millions of years are available. Clifford and Parker (1999) suggest 
additionally that the outflow channels are younger than most of the valley networks 
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because they could form only when large hydrostatic pressures could build within 
the aquifer system, and that this was possible only when the polar cryosphere was 
thick enough that north polar layered terrains were firmly anchored to bedrock and 
thick enough to contain the large pressures in the hydrosphere. 

5. Chronology and Implications for Paleoclimatology 

The stratigraphic position of geologic units on Mars is estimated by the means of 
superposition and intersection relations and by the concentration of impact craters 
superposed on geologic units (Tanaka et aI., 1992). Three major time systems are 
defined throughout which the surface has been formed: Noachian, Hesperian and 
Amazonian. Each system is subdivided into series that correspond to time units 
(epochs). Due to the lack of samples from Mars the assignment of absolute ages to 
the epochs based on crater densities is dependent on cratering rates (Tanaka et al., 
1992; Neukum and Hiller, 1981; Hartmann, 1978; Neukum and Wise, 1976) and 
thus is model dependent. Different early models defined the Amazonian-Hesperian 
boundary between 1.8 - 3.5 Gyr and the Hesperian-Noachian boundary between 
3.5-3.8 Gyr (Hartmann et al., 1981; Neukum and Wise, 1976; Neukum and Hiller, 
1981). Hartmann and Neukum (2001) give new, tighter constraints as 2.9-3.3 Gyr 
and 3.5 - 3.7 Gyr, respectively, for those boundaries. 

The relatively small size of Martian valleys, the modification by aeolian pro­
cesses and the not sufficient coverage of high-resolution imagery makes it difficult 
to use crater counting for age determination. However in some places, particularly 
on the floors of large outflow channels it was possible to estimate crater reten­
tion ages (Masursky et al., 1977; Neukum and Hiller, 1981; Marchenko et al., 
1998). Neukum and Hiller (1981) performed crater counts on units (surrounding 
and floors) of Chryse channels such as Kasei, Ares, Tiu, Maya Vallis, Elysium 
channels such as Hrad Vallis and Elysium Fossae, one channel NE of Hellas and 
Ladon Vallis north of the Agyre basin taking into account data from other authors 
(Malin, 1976; Masursky et al., 1977; Squyres, 1978). As expected they estimated 
the channel surroundings to be significantly older as the measured channel ages. 
The number of craters with 1 km diameter N (1) per square kilometer are for the 
surroundings either >4 x 10-2 km-2 representing the early crust or 2 x 10--3 km-2 

to 2 X 10-2 km-2 representing a younger resurfacing period. This translates to crater 
model ages as proposed by Hartmann and Neukum (2001) of 3.3 to 3.9 Gyr and 
to more than 4.26 Gyr, respectively. In the following crater model ages will refer 
to the Neukum and Hiller (1981) Model I, however it is mentioned that these ages 
are model dependent and may be accurate only within a factor of two for younger 
units. The estimated ages of channel floors roughly fall into two groups separated 
by N(1) = 8 X 10-4 km-2 or about 1.1 to 1.7 Gyr the mean age ofTiu Vallis units. 
The older group contains most of Kasei Vallis, the mouth of Maya Vallis, Braham 
Vallis, and Ares Vallis in the circum-Chryse area, Ladon Vallis south of the chaotic 
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terrain, Hrad Vallis and the Elysium Fossae. These valleys have crater retention 
ages ranging from N(l) = 1 X 10-2 km-2 to N(l) = 8 x 10-4 km-2 corresponding 
to 3.8 Gyr and 1.1 to 1.7 Gyr. The younger group contains the upper units of Tiu 
Vallis, Mangala Vallis, a channel NE of Hellas, the mouth of Kasei Vallis and Vedra 
Vallis which drains downstream into Maya Vallis being the youngest. Relative ages 
for this group range from N(l) = 8 X 10-4 km-2 to N(l) = 1 x 10-4 km-2 

corresponding to crater model ages of 1.1 to 1.7 Gyr and ~0.2 - 0.3 Gyr. The 
data from Neukum and Hiller (1981) also show a sequence of the circum-Chryse 
valleys with most of the Kasei Vallis floors being oldest followed by the mouth of 
Maya Vallis, Ares Vallis, Tiu Vallis and the mouth of Kasei as the youngest unit in 
this area. Marchenko et al. (1998) estimated crater model ages at the mouth of Tiu 
and Ares Vallis ranging from 3.6 to 1.4 Gyr according to the Neukum and Hiller 
(1981) Model I. They suggest four major stages of fluvial activities and resurfacing 
in this region indicating episodic events of flooding. Some areas of Ares Vallis were 
formed prior to 3.5 Gyr, and have been later reworked between 2.2 and 1.6 Gyr. 
However, channel floors are modified by post-fluvial mass wasting and aeolian 
processes making it difficult to clearly address younger floor units to flood events. 
Neukum and Hiller (1981) concluded that the major channel formation took place 
between from N(1) = 6 X 10-2 km-2 to N(1) = 7 X 10-4 km-2 or 4.1 Gyr 
to 0.9 - 1.5 Gyr ago. Channels on volcanoes are to small for crater counting on 
their floors but they dissect volcanic units for example at the flanks of Alba Patera 
measured by Neukum and Hiller (1981) to be as young as 1.2 x 10-4 km-2 or 
0.2 - 0.3 Gyr. Synthesizing the various models, the general picture is that the 
great majority of channel-forming activity occurred within the first third or half of 
Martian history, but some may have extended into the second half. 

Based on the geologic maps of Scott and Tanaka (1986), Greeley and Guest 
(1987), Tanaka and Scott (1987) and Viking imaging data, the geologic relation­
ships between channels and valley networks and the surrounding units they dissect 
were examined. For a total of 65 outflow channels and individual channel branches 
and 276 valley networks in the uplands the maximum relative ages have been es­
timated. Most of the investigated outflow channels (70%) dissect Hesperian units 
with about the half of the outflow channels having Upper Hesperian maximum 
ages. Amazonian units are eroded by about 25% of the outflow channels. The 
majority of valley networks in the uplands (about 63%) has an Upper Noachian 
maximum age. The formation of valley networks declined in the Hesperian (25%) 
and only about 12% of the valley networks mostly valleys on volcanoes dissect 
Amazonian units. Scott and Dohm (1992) measured intersection relations for sev­
eral hundred networks and found about 70% to be older than Hesperian. Carr 
(1995) suggests that more than 90% of the valley networks have a maximum age 
older than Hesperian. Thus outflow channels and valley networks are not only 
separated spatially but are also delayed in time, indicating a major change in the 
erosion processes on Mars at the NoachianlHesperian boundary. 
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The valley networks are almost entirely restricted to the old uplands and the 
simplest explanation is that the valleys are old themselves and the climatic re­
quirements for valley formation were met early in the planet's history and rapidly 
declined during the subsequent evolution. A warmer, wet Mars with a dense at­
mosphere at the time after the heavy bombardment is supposed to provide the 
conditions for valley formation by running water. Carr (1995) argued that due to 
the drainage densities of valley networks are orders of magnitudes lower than on 
Earth and the short length of the valleys combined with the probably long time they 
needed to form, the processes which cause the valleys are extremely insufficient 
compared with terrestrial fluvial processes. In addition the total absence of meter­
scale flow-features and dissections in the valleys support a subsurface rather than an 
atmospheric source for the valley formation (Malin and Carr, 1999). Based on the 
evaluation of high resolution MOC images Malin and Carr (1999) concluded that 
the valleys have been formed by fluid erosion, however, in most cases the source 
have been ground water. The evidences of recent groundwater seepage and proba­
bly short-term surface runoff under almost current climatic conditions (Malin and 
Edgett, 2000a) not necessarily contradict the hypothesis of an early warm Mars, 
but constrains a hydrologic cycle on Mars mostly to subsurface processes. On the 
other hand erosion rates declined at the end of the Noachian (Carr, 1992, 1995; 
Craddock and Maxwell, 1993; Hartmann, 2001) and climate change at this time is 
one plausible explanation. Gulick and Baker (1990) suggested that a combination 
of several genetic processes like water erosion, volcanic density flows and lava 
might have been important in the formation of those channels. Carr (1995) pointed 
out that mass wasting in poorly consolidated ash with only little involvement of 
water could have formed the channels on volcanoes. Nevertheless, the channels 
on volcanoes are fairly young and demonstrate that the involvement of water in 
Martian erosion appears to continue into the planet's recent history. 

6. Future Investigations 

The high resolution Mars Observer Camera (MOC) images so far demonstrate the 
need of recognizing small-scale features in order to fully understand the processes 
which caused fluid-like Martian erosion. However before high resolution stereo 
data with considerable areal coverage are available (as expected from future mis­
sions such as Mars Express) the problem of valley and channel formation and the 
implications on the climate remains debatable. 
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Abstract. The SNC (Shergotty-Nakhla-Chassigny) meteorites have recorded interactions between 
martian crustal fluids and the parent igneous rocks. The resultant secondary minerals - which com­
prise up to ~ I vol. % of the meteorites - provide information about the timing and nature of hydrous 
activity and atmospheric processes on Mars. We suggest that the most plausible models for secondary 
mineral formation involve the evaporation of low temperature (25 - ISO DC) brines. This is consistent 
with the simple mineralogy of these assemblages - Fe-Mg-Ca carbonates, anhydrite, gypsum, halite, 
clays - and the chemical fractionation of Ca-to Mg-rich carbonate in ALH84001 "rosettes". Longer­
lived, and higher temperature, hydrothermal systems would have caused more silicate alteration than 
is seen and probably more complex mineral assemblages. Experimental and phase equilibria data on 
carbonate compositions similar to those present in the SNCs imply low temperatures of formation 
with cooling taking place over a short period of time (e.g. days). The ALH84001 carbonate also 
probably shows the effects of partial vapourisation and dehydration related to an impact event post­
dating the initial precipitation. This shock event may have led to the formation of sulphide and some 
magnetite in the Fe-rich outer parts of the rosettes. 

Radiometric dating (K-Ar, Rb-Sr) of the secondary mineral assemblages in one of the nakhlites 
(Lafayette) suggests that they formed between 0 and 670 Myr, and certainly long after the crystalli­
sation of the host igneous rocks. Crystallisation of ALH8400 I carbonate took place 0.5 Gyr after the 
parent rock. These age ranges and the other research on these assemblages suggest that environmental 
conditions conducive to near-surface liquid water have been present on Mars periodically over the 
last ~ I Gyr. This fluid activity cannot have been continuous over geological time because in that case 
much more silicate alteration would have taken place in the meteorite parent rocks and the soluble 
salts would probably not have been preserved. 

The secondary minerals could have been precipitated from brines with seawater-like composi­
tion, high bicarbonate contents and a weakly acidic nature. The co-existence of siderite (Fe-carbonate) 
and clays in the nakhlites suggests that the pC02 level in equilibrium with the parent brine may 
have been 50 mbar or more. The brines could have originated as flood waters which percolated 
through the top few hundred meters of the crust, releasing cations from the surrounding parent rocks. 
The high sulphur and chlorine concentrations of the martian soil have most likely resulted from 
aeolian redistribution of such aqueously-deposited salts and from reaction of the martian surface 
with volcanic acid volatiles. 

The volume of carbonates in meteorites provides a minimum crustal abundance and is equiv­
alent to 50-250 mbar of C02 being trapped in the uppermost 200-1000 m of the martian crust. 
Large fractionations in 8180 between igneous silicate in the meteorites and the secondary minerals 
(:::30%0) require formation of the latter below temperatures at which silicate-carbonate equilibration 
could have taken place (~400°C) and have been taken to suggest low temperatures (e.g. ::: 150°C) of 
precipitation from a hydrous fluid . 

• 
~ Space Science Reviews 9.6: 365-?92, 2001. 
,II1II' © 2001 Kluwer Acadenllc Publishers. 
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1. Introduction 

Secondary mineral assemblages have been characterised in 7 ofthe 16 SNC (Sher­
gotty-Nakhla-Chassigny) meteorites (Table I). To date they have been found in the 
3 nakhlites Nakhla, Govemador Valadares, Lafayette (olivine clinopyroxenites); 
ALH84001 (orthopyroxenite); Shergotty, EETA79001 (basaltic shergottites) and 
Chassigny (dunite). It is possible that all ofthe SNCs contain the secondary assem­
blages but they have not yet been identified or terrestrial alteration has obscured 
their presence. In this paper we review the mineralogy, stable isotopes, radiometric 
dating, associated fluid compositions and different models for formation of the 
SNC secondary phases. Secondary minerals have the potential to reveal compo­
sitional and isotopic information about the ancient martian atmosphere and to 
constrain the nature of fluid processes at the martian surface. 

Radiometric dating of the secondary assemblages and their host meteorites also 
may constrain the times in Mars history when a thicker atmosphere was present and 
conditions were more favourable for the existence of liquid water. Oxygen isotopic 
studies provide information about chemical and isotopic fractionation processes in 
both the martian atmosphere and the crustal fluids. Finally, one of the underlying 
motivations in the study of SNCs and their secondary phases has been the search 
for traces of extraterrestrial life. 

A description of the different SNC silicate petrographies is given in the pa­
per by Nyquist et al. (2001). The main secondary mineral phases are carbonates, 
sulphates, halite and clay minerals (the latter particularly in the 3 nakhlites) al­
though associated sulphides and ferric oxides are also sometimes present. There is 
some limited evidence for the occurrence of nitrates (Grady et al., 1995). In ad­
dition, there are hydrous amphiboles associated with melt inclusions e.g. the kaer­
sutite amphibole within Chassigny and the shergottites, that may have exchanged 
with or trapped martian surface water reservoirs (Treiman, 1985). Carbonate in 
ALH84001 occupies about 1 vol.%, heterogeneously distributed, within the mete­
orite (Treiman, 1995). Similarly, the proportion of secondary mineral phases can 
reach 1-2% in some sections of Nakhla (Bridges and Grady, 1999). Other SNCs 
have lower proportions of secondary minerals. Bulk meteorite water contents, as­
sociated with the secondary minerals range from 0.04 wt% in the shergottites to 
0.4 wt% in the clay-rich nakhlites (Karlsson et aI., 1992). 

The secondary minerals in the nakhlites and ALH84001 are assumed to be 
martian from a combination of textural and isotopic information. For instance, 
clay veins within the nakhlites are truncated by fusion crust and so are clearly 
preterrestrial (Gooding et aI., 1991; Treiman et al., 1993). The association of some 
of the ALH84001 carbonate with preterrestrial fracturing is also incompatible with 
a terrestrial origin (e.g. Mittlefehldt, 1994). D/H ratios in some mineral phases 
are too high to be of terrestrial origin (Watson et aI., 1994; Leshin et aI., 1996, 
Saxton et al., 2000a) and the highest values are comparable to values in the martian 
atmosphere. The D/H ratio in the martian atmosphere is (8.1 ± 0.3) x 10-4 (Le. 8D 



Meteorite 

(type) 

Lafayette 

(nakhlite, 

find) 

Governador 

Valadares 

(nakhlite, 

find) 

Nakhla 

(nakhlite, 

fall) 

Chassigny 

(chassignite, 

fall) 

Shergotty 

(shergouite, 

fall) 

EETA79001 

(shergottite, 

find) 

ALH84001 

( orthopyroxe 

nite, find) 

LEW88516 

(shergouite, 

find) 

Zagami 

shergottite, 

fall) 
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TABLE I 

Summary of secondary and hydrous mineral assemblages in SNC meteorites 

Mineral 

assemhlage 

clay, sd, po, fh, 

gyp (1,2,3,4) 

clay, sd, gyp (4) 

clay. sd, gyp, 

an, hal, cp, go 

(1,4.10.11) 

ce, mg, gyp 

(15). 

amphiboles 

(kaersutitc) in 

melt inclusions (16) 

gyp, hal, other 

chlorides. 

sulphates, 

phyllosilicates (18) 

amphiboles in 

melt inclusions (19) 

ce, gypO) (20), 

amphibole in 

melt inclusions (21) 

ank, mica, pyr, 

Fe-sulph, mag. 

silica 

amphibole in 

melt inclusions(21) 

Carbonate 

composition 

(mol%) 

ee22-37 rh4-35 

mgO-2 sd27-67 

(4) 

cc4-ll rhl-2 

mg9-29 sd64-

78 (4) 

eeO-6 rh 1-40 

mg2-41 sd23-

87 (4) 

average cc I 1.5 

rh 1.1 mg58.0, 

sd29.4 (25); 

zoned core from 

cc to mg end 

members (26) 

Main textures 

sd + clay within 

fractured 01 

(iddingsite) (4). 

Carbonate 

grains < 50p:m. 

clay veins within 

01 (iddingsite), 

sd + gyp 

interstitial (4). 

Clay veins truncated 

by fusion crust (10), 

clay, gyp veins 

within 01 

(iddingsite), sd + 
anh + hal mainl y 

interstitial (II). 

Discontinuous veins 

(of clay?) within 01. 

Amphiboles in melt 

inclusions suggest 

some water 

in melt (16). 

Salts on 

fracture 

surfaces and 

veins. Melt 

undersaturated 

in water (19). 

Present as druse 

vug fillings in 

lithology C glass. 

Crack fillings and 

globules/rosettes 

« 250/lm) in 

interstitial areas 

with maskelynite. 

Other analyses 

K-Ar age (5), 0-

isotopes (3,6,7, 8), 

C-isotopes (7), S­

isotopes, (9) TEM 

smectite (2), trace 

elements 

LREE>HREE (4). 

S-isotopes (9), C­

isotopes (I), 

trace elements 

LREE>HREE (4). 

Trace elements 

LREE>HREE 

(4,11), D/H of 

carbonate (12), 0-

isotopes (7,8,12, 

13), C-isotopes 

(7,13,14), S-isotopes 

(9), TEM smectite (1). 

D/H of amphiboles 

and biotite (17), S­

isotopes (9). 

D/H of amphiboles 

(17). 

0, C, N isotopes of 

druse (22,23,24). 

0, C isotopes (27-

32), 

carbonate has LREE 

5 HREE (33), 

carbonate age (Rb­

Sr, D-Th-Pb) (34). 

D/H (35). 

D/H of apatite (17), 

O-isotopes (27). 

Interpretations 

Low-T fluids (2), 

evaporitic, related to 

other nakhlites (4). 

Evaporitic. related to 

other nakhlites (4). 

Liquid water in parent 

rocks 

(I), evaporitic, related 

to other nakhlitcs (4), 

hydrothermal 

sulphides (9). 

Salts from brine (15). 

Episodic weathering 

(18). 

Extraterrestrial origin 

less firmly established 

for shergottites than 

nakhlites, ALH8400 I. 

Weathering followed 

by shock 

implantation (20). 

Evaporitic (36). 

hydrothermal, (25,37), 

impact meta­

somatism (26). impact 

remelting/ 

rcmobilisation 

(38), biogenic (39). 

an anhydrite, cc calcite, ep epsomite, fh ferrihydrite, go goethite, gyp gypsum, hal halite, mag magnetite, mg magnesite, 01 olivine, po unidentified 
'porous oxide', rh rhodochrosite, sd siderite. I. Reid and Bunch (1975),2. Treiman et al. (1993),3. Vicenzi and Eiler (1998), 4. Bridges and Grady 
(2000),5. Swindle et 01. (2000),6. Romanek et al. (1998),7. Wright et 01. (1992), 8. Farquhar and Thiemens (2000), 9. Greenwood et al. (2000), 
10. Gooding et al. (1991), II. Bridges and Grady (1999),12. Saxton et al. (2000b), 13. lull et al. (1995), 14. Carr et al. (1985), 15. Wentworth 
and Gooding (1994),16. Floran et al. (1978), 17. Watson et 01. (1994), 18. Wentworth and Gooding (2000),19. Trciman (1985), 20. Gooding et 0/. 
(1988),21. Treiman (I 998b), 22. Clayton and Mayeda (1988), 23. Wright et al. (1988), 24. Douglas et 01. (1994),25. Mittlefehldt (1994), 26. Harvey 
and McSween (1996),27. lull et al. (1997),28. Saxton et 01. (1998),29. Leshin et al. (1998),30. Farquhar et al. (1998),31. Valley et al. (1997),32. 
Romanek et al. (1994),33. Wadhwa aod Crozaz (1995), 34. Borg et al. (1999),35. Sugiura and Hoshino (2000), 36. Warren (1998), 37. Kring et al. 
(1998),38. Seott (1999),39. McKay et al. (1996). 
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= 4200%0), which is about 5.2 times the ratio of 1.6 x 10-4 for terrestrial seawater 
(Owen, 1992). These meteorites also contain phases whose carbon (Romanek et 
at., 1994), sulphur and oxygen isotopes (Farquhar et at., 1998, 2000; Farquhar 
and Thiemens, 2000) are inconsistent with a terrestrial origin. Finally, as we will 
discuss later, the radiometric ages determined on some of the secondary mineral 
assemblages must predate the meteorites' residence times on Earth. However, the 
evidence used to establish a martian origin for the secondary mineral assemblages 
in the nakhlites and ALH84001 has not yet been as conclusively demonstrated for 
the other SNCs. Terrestrial salts can be present and are abundant in the desert finds 
Dar al Gani 476 and 489 (Wadhwa et at., 2000). Minor efflorescence of salt from 
meteorite interiors onto the fusion crusts can also occur (Gooding et at., 1991) and 
so care is necessary in distinguishing martian from terrestrial mineral assemblages. 
Isotopic data suggests that some of the shergottites may contain traces of terrestrial 
salts along with martian secondary assemblages. Therefore, we concentrate on the 
information obtained from the nakhlites and ALH84001. 

2. Research on Secondary Minerals in SNCs and Models for Their 
Formation 

The first description of extraterrestrial alteration assemblages in these meteorites 
was made by Reid and Bunch (1975) who described fibrous material ("iddingsite") 
associated with olivine grains within Nakhla. On the basis of a TEM study, Good­
ing et at. (1991) noted that the iddingsite veins within Nakhla olivine contained 
a probable smectite/illite, K-bearing mixed layer clay. Similarly, Treiman et at. 
(1993) described smectite in Lafayette. Carbonate and sulphate minerals were first 
identified within the EETA79001 martian meteorite (Gooding et at., 1988) al­
though their presence had earlier been inferred through pyrolysis or stepped com­
bustion experiments (Carr et at., 1985; Gooding and Muenow, 1986). 

Subsequent studies (summarised in Table I) have enabled the mineralogical and 
stable isotope characteristics to be understood in more detail. The three nakhlites 
(Lafayette, Governador Valadares and Nakhla) contain smectite/illite, siderite, sul­
phates and halite (Chatzitheodoridis and Turner, 1990; Gooding et at., 1991; Trei­
man et at., 1993; Bridges and Grady, 1999, 2000). The clay veins in these mete­
orites cross-cut the olivine and, in Lafayette (Figure la), they are intergrown with 
Ca-rich siderite (Vicenzi and Eiler, 1998; Bridges and Grady, 2000). In contrast 
most of the siderite in Governador Valadares and Nakhla is located in interstitial 
positions and has lower Ca contents. These two meteorites contain gypsum, Nakhla 
also containing anhydrite (Chatzitheodoridis and Turner, 1990; Bridges and Grady, 
1999), halite and epsomite (Gooding et at., 1991). Figure Ib shows halite and 
anhydrite within a section of Nakhla. Chassigny contains calcite, Mg-carbonate 
and gypsum (Wentworth and Gooding, 1994) in veins within the silicate miner­
als. Shergotty has sulphate and halite with minor phyllosilicates (Gooding et at., 
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Figure 1. a) Back-scattered electron image of "iddingsite" altcration of olivine in the nakhlite 
Lafayette. The alteration assemblage consists of siderite and smectite along fractures. The smec­
tite clay is found in the centres of the fractures (arrowed). The two spots in the fractures are ion 
probe analysis points (Bridges and Grady, 2000). b) Back-scattered electron image of salt minerals 
in Nakhla, where they mainly occupy interstitial areas. 01 olivine, sd siderite, sm smectite, a cumulus 
augite, h halite, an anhydrite, f intergown feldspar, feldspathic glass and silica polymorphs. c) Back­
scattered electron image of carbonate rosette in ALH8400 1. Carbonate, with increasing Mg/Ca ratio 
towards rim (arrowed). The white circular area (FeO) within the carbonate is a mixturc of iron oxide 
(magnetite) and iron sulphide. opx orthopyroxene. Scale bar 100 flIn. d) Carbonate 'rosettes ' exposed 
on split surface of ALH84001 meteorite. The rounded, yellowish brown carbonate grains have dark, 
magnetite-rich rims. The surrounding meteorite is mainly composed of orthopyroxenc grains. 

1988; Treiman, 1985; Wentworth and Gooding, 2000) in fractures. The shergottite 
EETA 79001 contains calcite and sulphate but located within druse cavities in the 
glassy parts of that meteorite (Gooding et aI., 1988). 

ALH84001 has the most abundant carbonate and the largest grains or "rosettes" 
(:::::250 {Lm, Figure 1c, d). The average composition of the carbonate (Figure 2) is 
cc 11.5 rh 1.1 mg 58.0 sd 29.4 mol % and the "rosettes" are zoned from Ca-rich 
cores to Fe- and, on their outsides, Mg-rich (nearly pure magnesite) rims (Mittle­
fehldt, 1994; Harvey and McSween, 1996). Magnetite and Fe-sulphides (including 
pyrrhotite) are associated with the Fe-rich domains (McKay et at., 1996). Minor 
phyllosilicate and silica veins are located in isolated pyroxene grain fractures, 
more extensive fracture zones in the meteorite, interstitial sites beside plagioclase 
shock glass and occasionally with carbonate (e.g. Mittlefehldt, 1994; Scott, 1999; 
Brearley, 2000). 
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CaCO, 

MgCO, FeCO, 

Figure 2. Fields for carbonate (mol %) compositions in ALH84001 (grey field) and the 3 nakhlites 
Lafayette (crosses), Governador Valadares (triangles) and Nakhla (circles). The order of decreasing 
Ca-carbonate contents between the nakhlites is Lafayette > Governador Valadares > Nakhla. Also 
shown in dashed areas are the one-phase solid solution fields for this system at 550°C (Anovitz 
and Essene, 1987). With decreasing temperaturc thc size of these fields decreases. The Lafayette 
and ALH84001 compositions are metastable. Further carbonate compositions are given in Bridges 
and Grady (2000). The correlation of 8180 enrichment with Mg conlenls in ALH8400 I carbonate 
is shown with isotopic values beside the chemical compositions. Carbonate data from Harvey and 
McSween (1996) and Bridges and Grady (1999, 2000). Oxygen isotope data from Leshin er al. 
(1998), Saxton et al. (1998), Vicenzi and Eiler (1998). 

The first isotopic analyses of secondary minerals in SNCs were obtained through 
the stepped combustion expeliments (Carr et at., 1985). Analysis of EETA 79001 
suggested the possibility of two components of l3C-enriched carbon, one from 
carbonate, the second with 813C ~+36%o, from trapped martian atmospheric CO2 . 

Similarly, heavy Nand 0 isotopic components and D/H enrichments have been 
described in components of martian meteorites (e.g. Wright et ai., 1988; Clayton 
and Mayeda, 1988; Watson et at., 1994). These isotopic features have also been 
tentatively related to martian atmospheric compositions and some (heavy C, 0 
isotopes) have been shown to be carried by secondary minerals . 

Three main models to explain the formation of the mineral assemblages have 
been proposed: formation from (1) brines, (2) shock processes, and (3) hydrother­
mal processes. Each may explain some of the features seen in the meteorites. The 
general nature of the mineral assemblages in the SNCs - consisting largely of 
carbonate, sulphate, clay and chloride - suggests a link with brines and evaporite 
formation. However, there is also evidence for an association with shock remobili­
sation, particularly in ALH84001 (e.g. Scott et aI., 1997) and possibly EETA 79001 
(Gooding et aI., 1988). It has also been suggested that hydrothermal processes (by 
which we mean fluid activity at relatively high temperatures > 150 cC, compared 
to those of groundwater), may also have left traces within the meteorites (e.g. 
Greenwood et ai., 2000). In the following subsections we attempt to summarise 
the supporting evidence for the main models, review evidence for martian biogenic 
traces in ALH84001, and suggest which ofthe mineralogical features may be most 
readily explained by each of the models. 
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Experimental studies designed to constrain the formation conditions of carbonate­
bearing assemblages in SNCs have shown that they could have formed over a 
period of a few days from mixed CO2-H20 fluids interacting with basaltic rock 
at low temperatures (Baker et al., 2000). This work demonstrated that none of 
the SNC meteorites need have undergone protracted interaction with aqueous flu­
ids. In a separate set of experiments Golden et al. (2000) analysed the products 
precipitated from Ca-Mg-Fe-C02-H20-CI solutions at various temperatures. They 
showed that carbonate globules, similar in terms of chemical zonation and size 
to those of ALH84001, could be formed at 150°C whereas at 25°C amorphous 
Fe-rich carbonate formed after 24 h and more Mg-rich carbonate after 96 h. 

Experimental studies on phase equilibria in the CaC03-MgC03-FeC03 system 
(Anovitz and Essene, 1987) suggest that the Ca-Fe-rich carbonates of Lafayette 
(Bridges and Grady, 2000) and ALH84001 (Mittlefehldt, 1994; Harvey and Mc­
Sween, 1996) are metastable i.e. if they had crystallised slowly then different, 
stable assemblages would have formed. The phase equilibria and experimental 
constraints point towards fairly low temperature (~150 0c) precipitation of the 
original carbonate-bearing assemblages in SNCs over short periods of time (days). 

2.2. EVAPORATION AND EVAPORITES ON MARS 

The martian soil is thought to be composed of weathered rock (basalt to andesite) 
with a lesser Mg-rich component that may be associated with the salts, which are 
otherwise principally S, CI, Br, K, N a (Bell et aI., 2000). The Viking and Pathfinder 
landing sites showed signs of salt hardpans and Christensen and Moore (1992) sug­
gested, on the basis of thermal inertia, albedo and radar measurements, that large 
areas of the martian soil were partially cemented by salts. This has helped prompt 
speculation about whether evaporite deposits exist on Mars. Craters have preserved 
possible evidence for saltpan formation resulting from an enclosed drainage pat­
tern. Some of the most detailed characterisation of an area where such deposits 
could have formed has been done on an unnamed, 35 km diameter, crater within 
the Memnonia region of the ancient highlands (Forsythe and Zimbelman, 1995) 
which has well marked terracing consistent with the past presence of ponded water. 
Similarly, high albedo patches identified in photographs of the martian surface (e.g. 
"White Rock" near the Schiaparelli crater and other areas in the Valles Marineris 
system) have been interpreted as relict evaporites (Russell et aI., 1999). 

However, evaporite layers have not been positively identified with the Thermal 
Emission Spectrometer (TES) on the Mars Global Surveyor either at "White Rock" 
or elsewhere (Ruff et aI., 2000). It is possible the perceived absence reflects the 
constraints of pixel and spectral resolution for the current TES (Moersch et aI., 
2000). In any case, there is little doubt that floodwaters and groundwater flow (Carr, 
1996; Baker et al., 1992 have been important processes, at least intermittently, in 
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shaping the channels which dissect much of the martian surface. When such water 
pooled at the ends of valleys or melted into channels, plains, or fissures, salts must 
have precipitated in the terminal phases by solute concentration from evaporation 
or freezing. Forsythe and Blackwelder (1998) described 144 craters in the ancient 
highlands which had enclosed drainage where water would have ponded. 

Results from the MOC camera have shown that surface water may have flowed 
intermittently on Mars in geologically recent times, creating gullies (Malin and 
Edgett, 2000a; Hartmann, 2001). Concentrated brines are able to exist in a liquid 
state at temperatures of down to -63°C (Brass, 1980), and as mean surface tem­
peratures on Mars are typically in the range -33°C to -68 °C between 60 ON and 
60 oS, it seems likely that brines are associated with these features. 

Brines in SNCs and floodwater models: The evaporite mineral assemblages of 
the 3 nakhlite meteorites have been modelled as products of brine evaporation by 
Bridges and Grady (2000). The similarity in cosmic ray exposure ages, crystallisa­
tion ages and silicate petrographies suggests that the 3 nakhlites were derived from 
the same source region on Mars, and so their secondary mineral assemblages may 
share a common origin. Lafayette contains minerals (Ca-rich siderite, clay) which 
in the model were derived from a relatively low extent (25% brine remaining) of 
evaporation from a brine; Governador Valadares with siderite, gypsum and clay 
(20%); Nakhla - which also contains anhydrite and halite - trapped the final prod­
ucts of evaporation through the nakhlite parent rocks « 1 0%). The trace element 
abundances (Zr, Y, LREE > HREE) of the individual mineral grains reflect the 
dissolution of LREE-enriched mesostasis by the brine. Vicenzi and Eiler (1998) 
also noted the presence of distinct mineral phases and intricate banding within the 
Lafayette alteration assemblages. 

Warren (1998) proposed that the carbonates in ALH84001 could have formed as 
a calcrete, where groundwater was saturated with carbonate concentrated through 
evaporation. Alternatively, the parent rock could have been covered by a deep layer 
of floodwater, with evaporation and percolation of the water leading to carbonate 
precipitation. The parent rocks were only briefly exposed to the envisaged flood­
waters due to rapid groundwater flow or evaporation. This scenario would explain 
the lack of extensive alteration of the silicate phases. 

Evaporation models also have the advantage of being consistent with the ex­
perimental constraints described above, especially for the siderite. The presence 
of gypsum e.g. in the nakhlite Governador Valadares also implies temperatures 
< lOO°e. However, if ALH84001 salts are evaporitic in origin, one may have to 
invoke physical mechanisms such as the occlusion of pore spaces (McSween and 
Harvey, 1998) or water stratification (Warren, 1998) to account for the absence of 
other salts, notably sulphates. Alternatively, the most soluble salts might have been 
leached on Mars if ALH84001 was not isolated from subsequent aqueous activity. 
Leaching of highly soluble halides or sulphate during the meteorite's residence in 
Antarctica is also possible. The process of evaporation related to brine evolution is 
considered in more detail in a later section. 
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All of the SNC meteorites show some of the signs of having experienced high levels 
of shock (e.g. 30 - 45 GPa for the shergottites, Staffier et al., 1986). These signs 
include melt pockets, deformation features in the silicate minerals and the presence 
of maskelynite. Gooding et al. (1988) suggested that the salts within the "lithology 
C" of EETA 79001, which is largely composed of shock melt, might have been 
entrained from the martian surface into the parent rock during the impact melting 
event. Evaporite sediments might have been assimilated into the cooling Nakhla 
parent lava (Bridges and Grady, 1999), although subsequently a direct evaporation 
model, described in the previous section, was found to be more consistent with the 
mineralogical features in the 3 nakhlites (Bridges and Grady, 2000). 

Harvey and McSween (1996) argued that the carbonates in ALH84001 formed 
through rapid reaction between a CO2-rich, H20-poor fluid and the parent rock at 
>650°C. Subsequently, Kring et at. (1998) suggested that CO2-charged fluids at 
<300°C had been active in the ALH84001 parent rock for at least a few years. 
This timescale was based on predicted dissolution rates of plagioclase, with re­
placement by carbonate, in alkaline fluids. However, as we argue in this paper, the 
fluids associated with ALH84001 and the nakhlites were probably acidic so this 
relatively long time scale for fluid activity may be inaccurate. Models involving 
CO2-rich, H20-poor fluids do have the advantage of explaining the low abundance 
of hydrous minerals in ALH84001 compared to the nakhlites. However some phl­
ogopitic mica intergrown with carbonate has since been described in ALH84001 
(Brearley, 2000). Brearley suggested that the phlogopite was derived through the 
breakdown of pre-existing clay during shock heating at <500°C. Treiman (1998a) 
documented fracturing episodes within ALH84001 and proposed that the carbonate 
had experienced 4 discrete deformation events. Bradley et al. (1998) also carefully 
documented the magnetite structures around the carbonate rosettes and suggested 
that whisker-shaped grains they found were most consistent with precipitation at 
high temperatures (500 - 800°C) from a vapour. This was taken by Scott (1999) 
to be a result of the shock remobilisation of pre-existing carbonates and resultant 
break down of Fe-carbonate to a magnetite-bearing assemblage. However, the ori­
gin of the magnetite still remains controversial because some of the grains with 
euhedral outlines have also been suggested by other authors to be biological in 
origin (see next section). High temperature processes may partly explain the dehy­
drated nature of ALH8400 I but they leave open the question of the initial origin of 
the salt minerals, prior to the shock event. Scott (1999) and Warren (1998) proposed 
that they might have been deposited during intermittent floods. 

Greenwood et at. (2000) suggested that the nakhlites had undergone hydrother­
mal alteration during cooling of the igneous assemblage. This was based on the 
observed fractionation of 834S between the 3 meteorites (see section on stable 
isotopes) which was considered to be too great for low temperature processes. 
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However as Farquhar and Thiemens (2000) subsequently demonstrated, fraction­
ation of the S isotopes through photolysis probably occurred in the martian atmo­
sphere. Therefore, a high temperature origin is not required to explain the S isotopic 
variations in the SNCs. 

Warren (1998) noted some critical problems with hydrothermal models such as 
that proposed in the initial description of carbonates in ALH84001 by Mittlefehldt 
(1994) who suggested a temperature of 700°C. Hydrothermal systems on earth 
typically last for tens of thousands of years. This is implausible for the SNCs 
because the silicate minerals, especially in ALH84001, are relatively unaltered. 
The simple salt and clay mineral assemblages are not consistent with highly dif­
ferentiated fluids which evolved over time. The chemical zonation preserved in the 
"rosettes" would have homogenised if it had been held at elevated temperatures 
for any protracted (> days) time (Treiman, 1998a). Another argument put against 
high temperature models is that the oxygen isotope compositions of silicate and 
carbonate are not in equilibrium (Farquhar et at., 1998; Romanek et aI., 1994). 
If the carbonate is of high temperature origin then the oxygen isotopic disequilib­
rium could only be explained as a result of very rapid crystallisation. Temperature 
constraints based on oxygen isotopes are considered further in a later section. 

2.4. SUGGESTED RELIC BIOLOGICAL ACTIVITY IN ALH84001 

McKay et ai. (1996) suggested that the carbonate-magnetite-sulphide rosettes in 
ALH84001 were of martian, biogenic origin (for a further discussion see Nyquist 
et at., 2001). This provocative idea stimulated much interest in martian meteorites 
and the search for traces of life on Mars. Two of the main lines of evidence put 
forward by McKay et ai. were the morphology of the magnetite and the presence 
of rod-like structures resembling fossil bacteria on carbonate surfaces. 

The current balance of evidence does not strongly support the biogenic theory 
of origin for ALH84001 carbonates (Scott, 1999; Steele et ai., 2000; Farquhar and 
Thiemens, 2000; Kathie et ai., 2000; Bradley et at., 1998; Farquhar and Thiemens, 
2000). The best argument for a biological origin rests with the morphology of some 
of the magnetite grains. However, the association which McKay et al. made for the 
carbonates with low temperature precipitation from aqueous fluids remains valid 
even if the process was not directly linked to biological activity. 

3. Stable Isotopes 

Stable isotope ratios (0, H, C, S determined for the secondary minerals offer in­
sights into formation conditions, fluid reservoirs and the evolution of the martian 
atmosphere. On the Earth, oxygen isotope ratios are frequently used to derive 
formation temperatures or to study mass-dependent fractionation of the isotopes 
between fluids and minerals. Accordingly, large fractionations in 8180 composi­
tions of the secondary minerals in martian samples may indicate low temperature 
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precipitation. In most natural (especially geological) processes, oxygen isotopes 
exhibit this mass-dependent fractionation, in which Do 170 = 8170 - 0.528180 = 
constant, but the SNCs contain evidence for mass-independent fractionation, with 
Dol? 0 varying between different phases in the same rock. Atmospheric loss can 
also fractionate stable isotopes: for instance, in the current martian atmosphere, H 
and N are enriched in their heavy isotopes (see Bogard et a!., 2001, for a review). 

3.1. OXYGEN 

The carbonate data in ALH84001 reflect the fractionation of fluid composition, 
with progressively increasing Mg/Ca ratios and 8180, and the temperature of car­
bonate precipitation. Three independent ion probe studies (Valley et a!., 1997; Sax­
ton et a!., 1998; Leshin et al., 1998) show that the large range of cation chemistry 
is accompanied by a correspondingly large (20 - 25%0) variation in 8180. The 
isotopically heaviest carbonate (8 180 = +20 - 25%0) is the Mg-rich rims. The 
lowest carbonate 8180 found by Leshin et a!. (1998) was '"'-'5%0, but isotopically 
lighter (8 180 ~ -10%0), Ca-rich carbonate has been reported in ALH84001 by 
Saxton et a!. (1998), Holland et al. (2000) and Eiler et a!. (1998). The relationship 
of carbonate Mg/Ca composition to 8180 for ALH84001 is shown on Figure 2. 

Ion probe measurements of 8180 have also been made on siderite in two nakhlites, 
Nakhla (Saxton et al., 1998, 2000a) and Lafayette (Vicenzi and Eiler, 1998). The 
results are indistinguishable within error, both showing great enrichments in 8180: 
Nakhla 4 grains, +31 - 35%0; Lafayette, 2 grains, +35 and +36%0. 

Farquhar and Thiemens (2000) determined Do 170 of secondary phases and wa­
ter in ALH84001, Nakhla and Lafayette through acid extraction and fluorination. 
They found that Do 17 0 of carbonate, sulphate and water released exceeded that 
of the silicate by up to + 1.3%0, demonstrating the lack of equilibrium between 
products of the martian hydrosphere and martian silicate. Martian silicate itself 
has Do 170 = +0.3%0 compared to the terrestrial fractionation line (Franchi et 
aI., 1999). The data of Farquhar and Thiemens is similar to that of Karlsson et 
al. (1992) who showed that water in the SNC meteorites had Do 170 greater than 
that of the anhydrous silicates by values up to Do 170 = +0.6%0 (Nakhla) al­
though Shergotty and EETA 79001 showed no Do 17 0 excesses over their whole 
rock values. 

Temperature and isotopic fractionation constraints from oxygen: Carbonate equi­
librated with silicate at 500 - 700°C would have 8180 compositions 2 - 3%0 higher 
than the silicate ('"'-'+4%0) and Do 170 equal to the silicate. Thus, the 8180 values 
determined for most of the carbonates are too high to represent eqUilibrium at 
igneous temperatures with the silicates, and so formation from an aqueous fluid has 
been considered. Here we outline the models used to constrain fluid temperatures. 

A common starting point for consideration of carbonate oxygen isotope data 
(Clayton and Mayeda, 1988; Wright et aI., 1992; Romanek et aI., 1994; Saxton 
et aI., 1998, 2000b) has been to consider water (or a water-C02 mixture) equi-
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librated with the silicate at high temperature (at which isotopic fractionation is 
small), and then cooled. This process can be viewed on either a global (producing 
an atmosphere and hydrosphere) or local scale. In the case of a water-C02 mixture, 
the final composition of the water depends on the temperature and CO2:H20 ratio; 
assuming T = 0 DC, Clayton and Mayeda (1988) give 8180H20(%0)= 44.0X -37.6, 
where X is the molar fraction of oxygen present as water. In this model, the water 
has the same ..6. 17 0 as the silicate. However, the discovery that water and secondary 
minerals in ALH84001, Nakhla and Lafayette have ..6. 170 in excess of the host rock 
(Karlsson et aI., 1992; Farquhar and Thiemens, 2000) implies that not only the 
carbonates, but also the waters from which they formed were not equilibrated with 
the parent rocks. Saxton et al. (1998) considered several models for the formation 
of the ALH84001 carbonates. Models involving isotopic equilibration of fluid with 
the ALH84001 silicates suggest that the later Mg-rich carbonate formed at < 150°C 
but are difficult to reconcile with the observation of a ..6. 17 0 excess in the carbonate. 

The latter authors also considered a model in which no exchange with silicate 
takes place and the fluids are derived from a martian hydrosphere and atmosphere, 
approximate compositions for which were estimated from the Clayton-Mayeda 
model, with the requirement that it be able to generate the range of 8180 values 
observed in martian carbonates. In this scenario, the earliest carbonates formed 
from a hot (300 - 350°C), water-rich fluid. The later Mg-rich carbonates would 
have formed at <90°C if the fluid was water-rich, or at higher temperatures if it 
contained an appreciable mole fraction of CO2 . 

The trend of increasing 8180 from the Ca- to Mg-rich carbonates in ALH84001 
is partially consistent with the pattern expected from brine evaporation. Enrich­
ments in 8180 are +6%0 due to evaporation of terrestrial sea water and + 17%0 
within evaporating brines in areas of low ambient humidity such as salt flats (Lloyd, 
1966). However, Saxton et al. (1998) pointed out the isotopic zonation within this 
carbonate is inconsistent with a single evaporation episode, since 8180 becomes ap­
proximately constant on reaching the magnesite rim, whilst Rayleigh fractionation 
would cause 8180 to increase more rapidly as deposition proceeded. 

3.2. CARBON, HYDROGEN AND SULPHUR 

Carbon: Almost all martian meteorites have been analysed by acid dissolution to 
search for carbonates. Carbonate concentrations are generally low with between 
30 - 60 ppm for the nakhlites (Grady et al., 1997). Carbon isotope results fall 
into two groups: ALH84001 and the nakhlites all contain 13C-enriched carbonates, 
with 813C ranging from + 10%0 to +55%0 (Carr et aI., 1985; Wright et aI., 1992; 
Romanek et al., 1994; Jull et aI., 1995), whereas Chassigny and the shergottites 
have acid-extractable carbon, presumably from the carbonate anion, with 813C 
ranging from 0%0 to - 30%0. The most extensive study has been undertaken on 
ALH84001. Selective dissolution of the carbonate indicates that the early-forming 
calcium-rich cores of the rosettes are slightly less 13C-enriched (8 13C ""'+39.5%0) 
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than the later-forming, more Mg-rich mantles, with 8l3C "'+41.8%0 (Romanek et 
al., 1994). Oata on calcite from EETA79001 (+6.8%0, Wright et aI., 1988) is more 
ambiguous and it is possible that this phase is an effect of terrestrial contamination. 

The two clear isotopic groups of carbonate are interpreted to represent forma­
tion of the minerals in two different environments: the lighter 8l3C values are 
from carbonate formed at depth within the martian crust by interaction of pri­
mary magmatic fluids with host rock, whereas carbonates in ALH84001 and the 
nakhlites formed either at, or close to Mars' surface, where fluid exchanged with 
martian atmospheric CO2 (Carr et aI., 1985; Wright et aI., 1992; Romanek et al., 
1994). The carbon isotopic composition of martian atmospheric CO2 is known to 
be l3C-enriched, but a precise measurement of its 8l3C is still awaited. 

Hydrogen: Several workers have found evidence of a O-enriched reservoir in 
the martian meteorites. Leshin et al. (1996) analysed OIH values in whole rock 
samples of several martian meteorites and found a wide variation of both 80 and 
water content. The highest 80 values were found in the shergottites, with 80 up to 
+2140%0, the water content was "'0.05 wt%. The highest water contents (0.11 -
0.39 wt%) are in the nakhlites, but these have lower 80 (up to +900%0 in a high 
temperature extraction from Lafayette). 

Using an ion microprobe, Sugiura and Hoshino (2000) found an indigenous 
80 value of "'+2000%0 for carbonate and maskelynite in ALH84001, with con­
siderable scatter due to terrestrial contamination. Boctor et al. (1998) also used 
an ion microprobe to measure H isotopes in ALH84001 carbonate and phosphate, 
finding 80 up to +500%0 in whitlockite. Saxton et al. (2000a) studied alteration 
phases in Lafayette - also by ion microprobe - and found 80 up to "'+ 1500%0. 
Watson et al. (1994) used an ion microprobe to measure O/H in amphibole, biotite 
and apatite in Chassigny, Shergotty and Zagami, finding variable, but higher than 
terrestrial, ratios (up to "'+4400%0). They interpreted their results as the result of 
exchange between low OIH primary igneous minerals with a crustal fluid having 
high OIH. The high O/H enrichments are generally assumed to record atmospheric 
loss processes (see Section 5 below). 

Sulphur: Greenwood et al. (1997, 2000) published ion probe determinations of 
834S in sulphides from the nakhlites, Chassigny and the shergottites EETA 79001, 
LEW88516 and QUE94201. Sulphides within the latter 3 shergottites had 834S = 
-2.6 to +3.5%0. ALH84001 pyrite, including that associated with carbonate, was 
+2.0 to +7.3%0. This range is inconsistent with the known sulphur isotopic frac­
tionations associated with bacteria, which produce large enrichments in the light 
isotope 32S. Nakhla, Govemador Valadares and Lafayette had mean 834S values 
of +1.5%0, +0.7%0 and -3.2%0; Chassigny had isotopically light pyrite of -2.9 
to -1.5%0. This was interpreted as being the result of progressive oxidation of a 
fluid, yielding isotopically lighter sulphides with time, which interacted with the 
nakhlites and Chassigny. Farquhar et al. (2000) also analysed p 3S and 836S for 
S02 and H2S which were mainly released through acid extraction of a range of 
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SNCs. The correlations between 833S and 834S that they identified could not be 
explained through mass fractionation. 

3.3. MASS-INDEPENDENT FRACTIONATION PROCESSES 

The variations in ill7 0 and the correlations between 833 Sand 836 S decribed above 
cannot be explained by processes of mass fractionation alone (e.g. evaporation 
or condensation). Farquhar and Thiemens (2000) suggested generating an atmo­
spheric reservoir of enhanced ill7 0 through mass-independent fractionation pro­
cesses such as exchange between different gas phases (e.g. atomic oxygen and 
CO2). This could then be transferred to crustal fluids and ultimately secondary 
mineral assemblages in the SNCs. Similarly, Farquhar et al. (2000) suggested that 
photolysis of atmospheric S02 and H2S were the most likely explanation for the 
S isotopic anomalies. High DIH enrichments in meteorites, however, are due to 
atmospheric loss processes. 

Previously, the presence of ill7 0 excesses was attributed to the influx of cometary 
material (Karlsson et al., 1992) but as no chondri tic material with suitably high 
ill7 0 has been identified this idea remains unsubstantiated. 

4. Radiometric Dating: Implications for the Timing of Fluid Activity 

Determining when alteration or evaporation processes occurred is difficult, partic­
ularly when many of the alteration products are as fine-grained as those in martian 
meteorites. There have been only five studies that have tried to address the timing 
of secondary mineral formation, and those focussed on only two assemblages, the 
carbonates in ALH84001 and the secondary mineral assemblages in Lafayette. 

4.1. ALH84001 CARBONATE 

Three studies of the age of these carbonates have reached three different conclu­
sions. Wadhwa and Lugmair (1996) suggested an age of 1.41 ± 0.10 Gyr based 
on a two-point carbonate-plagioclase Rb-Sr "isochron", and Knott et al. (1997) 
reported an Ar-Ar age of 3.6 Gyr. However, the first was a model age with inherent 
uncertainties, and the second was probably actually dating plagioclase (Turner et 
aI., 1997). The most detailed chronological study of ALH84001 carbonate is that of 
Borg et al. (1999), who performed selective leaching that gave concordant Rb-Sr 
and U-Th-Pb ages of 3.9 - 4.0 Gyr. Since the latter number is comparable to most 
40 Ar -39 Ar ages reported (Turner et at., 1997; Ilg et al., 1997; Bogard and Garrison, 
1999; Nyquist et aI., 2001) it is likely to be the age of carbonate formation. 
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4.2. THE NAKHLITE LAFAYETTE 

In a similar approach to that used by Borg et al. (1999), Shih et al. (1998) per­
formed leaching experiments on the nakhlite Lafayette, and obtained a two-point 
"isochron" from two iddingsite leachates corresponding to an age of 679 ± 66 Myr. 
Swindle et al. (2000) used a different approach. They extracted individual 1 -
20 f1,g samples of alteration products from Lafayette and analyzed them using the 
K-Ar system. A preliminary experiment had shown that the fine-grained nature of 
the clay and siderite veins within olivine ('iddingsite') led to a loss of 39 Ar, the 
isotope produced by irradiation of potassium, because the recoil energy involved 
in the neutron capture was sufficient to expel many of the 39 Ar atoms from the 
samples. So instead, they determined K abundances on each sample via neutron 
activation analysis, and then measured the amount of argon. There was not a single 
date at which the ages of their samples clustered. Although many of their samples 
had demonstrably non-zero ages, the ages ranged from zero to 670±91 Myr. Their 
oldest age was, within the uncertainty, identical to that of Shih et al. (1998). 

5. Fluid Compositions and Environmegtal Conditions 

In this section we discuss: (a) ancient water composition and weathering processes 
(b) the origin of the waters related to evaporation (c) the physical and climatic 
regime in which they formed. 

5.1. AQUEOUS WEATHERING AND FLUID COMPOSITIONS 

In a CO2-rich environment where liquid water appeared, it is inevitable that ig­
neous rocks would be weathered, and that the ions so released would eventually be 
precipitated to maintain mass balance. For instance, glacial melt or groundwater, 
perhaps released through local igneous activity (Gulick, 1998), would consume 
atmospheric CO2 to produce carbonic acid. The aqueous weathering processes 
should produce bicarbonate (HCO;-) as the main anion, unless significant sul­
phurous gases are dissolved (for example in subsurface hydrothermal vents), which 
would cause sulphate to predominate. The bicarbonate molal concentration (i.e. 
mol/kg) relative to the cation concentration depends on the mole ratios in rock dis­
solution reactions (Garrels, 1967). The idealized case of the dissolution of iron end­
members, ferrosilite (pyroxene) and fayalite (olivine), by carbonic acid exemplifies 
weathering under low oxygen conditions: 

FeSi03 + 3H20 + 2C02 = Fe2+ + 2HCO;- + Si(OH)4 

Fe2Si04 + 4H20 + 4C02 2Fe2+ + 4HCO;- + Si(OH)4 (1) 

Given more realistic igneous rocks, other cations are released, principally Mg2+, 
Ca2+, K+, and Na+. The other main anions, Cl- and SO~- are particularly im-
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portant in hydrothermal systems due to the presence of HCl and S02 gases. Hy­
drolyzed silica (Si(OH)4 ) is a product of igneous rock weathering (see above) and 
silica's fate can take several paths. In a surface zone, some may combine with Al 
derived from plagioclase and cations to form clay minerals. Alternatively, silica 
can precipitate as amorphous silica, which can diagenetically change to quartz or 
other pure silica forms. Today on Earth, utilization of silica by microscopic organ­
isms greatly suppresses silica concentrations in natural waters. On a non-biological 
Mars, waters presumably contain silica concentrations either close to temperature­
dependent saturation levels or controlled by formation of clays. Smectite-type clays, 
like those of the nakhlites, sequester silica as well as the group I cations, particu­
larly K+ via cation exchange. As silica or clay minerals are early precipitates, they 
should be associated with other early precipitates like siderite, as seen in Lafayette. 
Meteorite assemblages affected by evolved waters that percolated into the pore 
space may be free of silica, which precipitated elsewhere. This might apply to the 
assemblage in Chassigny, for example. Whereas gibbsite/kaolinite clays form in 
dilute waters, smectite/illite clays are formed in concentrated solutions (Drever, 
1997, p. 282). Consequently, the presence of smectite/illite in SNCs is consistent 
with solutions concentrated by evaporation in the absence of microbial life. 

In general one would expect briny water on Mars to be of type Na-Mg-Fe-Ca­
HC03-S04-CI-H20, similar to a marine composition except subject to high levels 
of CO2, making it acidic with high levels of bicarbonate. Water-soluble ions mea­
sured by leaching salt deposits directly from Nakhla (Sawyer et al., 2000) provide 
evidence for this. The Nakhla data suggest that ion concentrations may have been 
in roughly similar relative proportions to terrestrial seawater, except with a greater 
relative abundance of Ca2+ and possibly Mg2+ . On Earth, the most abundant ions in 
seawater in order of decreasing concentration are Cl-, Na+, Mg2+, SO~-, Ca2+ and 
K+. Because these ions are so soluble their residence times are long and their pro­
portions are controlled by long-term geochemical processes, such as slow loss to 
evaporites or hydrothermal sinks at mid-ocean ridges, rather than biology. Smaller 
components in terrestrial seawater such as Si, C, N, P and trace elements are largely 
biologically regulated. The measurements of salts at two locations in Nakhla by 
Sawyer et al. included the major ions found in terrestrial seawater but not minor 
components. These measurements are insufficient to deduce the processes that 
controlled elemental abundances in martian subsurface brines. However, a lower 
molar ratio of Mg/Ca"-'0.8 - 1.5 in Nakhla salts (Sawyer et al., 2000) compared 
to a terrestrial value of "-'5.2 suggests hydrothermal activity controlled the brine 
composition at some point. Mg tends to be removed from saline water passing 
through hot rocks and replaced by Ca (Holland, 1978). In very high temperature 
hydrothermal exchange with basalt, K+ is transferred to saline water but K+ is 
actually depleted in the Sawyer et al. measurements relative to calcium compared 
to seawater, suggesting moderate temperatures < 100 DC. 
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5.2. EVAPORATION MODELS 

As discussed in previous sections, it is likely that the secondary minerals are as­
sociated with brines. Numerical models of chemical evaporation can help us to 
understand their nature. In such models, the effect of concentrating the solution by 
removing water is calculated while maintaining the principles of aqueous chem­
istry: mass conservation, electroneutrality and equilibria. It is clear, for instance 
from the oxygen isotopic data discussed previously, that the silicate igneous as­
semblages did not equilibrate with the fluids. However, gaseous CO2 can rapidly 
reach equilibrium with fluids. This presumed equilibrium is consistent with the 
13C-enrichments in carbonate discussed previously. The relatively shallow depth 
of origin of the nakhlites (estimated at 20 - 100 m depth on the basis of compar­
isons with terrestrial lava flows, Friedman et at., 1999) would also have facilitated 
brine-atmosphere exchange. 

Evaporation models are, however, limited by this assumption of thermodynamic 
equilibrium and standard models also typically lack iron chemistry. Using a model 
that did incorporate iron chemistry, Catling (1999) showed that the theoretical se­
quence of carbonate precipitation under high CO2 conditions follows the sequence 
of siderite, calcite and then magnesite. An important factor in carbonate precipi­
tation, besides solubility, is the formation of soluble ion pairs or "complexes" in 
solution. For example, Fe2+, tends to bind to cOj- to form the ion pair FeCOg(aq) 
in solution, which suppresses the level of free cOj- available and prevents the pre­
cipitation of other carbonates prior to siderite. Carbonate solid-solution equilibria 
(Woods and Garrels, 1992) determine the cationic composition of carbonates. The 
degree of cation substitution depends on the concentration ratios of cations in so­
lution, e.g. cation displacement between high-Ca siderite and solution is mediated 
through the equilibrium relation 
(aCaC03 / aFeC03 ) siderite = K (aCa2+ / aFe2+ )aq 

where ai is the activity of species i and K is an equilibrium constant (nonlinear with 
respect to species ratios). Although such a relationship neglects kinetics, it may 
help explain the cation composition seen in the meteorite carbonates. A Ca-rich 
siderite is expected early in evaporation, followed by magnesium-rich carbonate af­
ter much of the Ca and Fe have been exhausted. After carbonate precipitation, gyp­
sum, anhydrite and halite are expected. This is consistent with the carbonate zoning 
sequence in ALH84001 and the variation in the mineralogies of alteration products 
between the 3 nakhlites (Bridges and Grady, 2000), suggesting that thermodynamic 
models are applicable to modelling of the meteorites' secondary assemblages. 

5.3. AQUEOUS ENVIRONMENTAL AND ATMOSPHERIC CONDITIONS 

Evaporite mineral precipitation is affected by temperature, pC02, pH, and redox 
conditions, which we discuss in tum. 
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Temperature. There is a major difference in the salts that form when water is 
removed from a brine by evaporation compared to removal by freezing. For exam­
ple, gypsum or anhydrite followed by halite tends to form when seawater evapo­
rates whereas mirabilite (Na2S04 ·lOH20) followed by hydrohalite (NaCI·2H20) 
tends to form in freezing (Herut et aI., 1990). The salts identified in the nakhlites, 
Chassigny and the shergottites suggest that evaporation was the process for water 
removal rather than concentration and precipitation through freezing. As discussed 
in previous sections, upper temperatures are more difficult to constrain but point 
towards initial precipitation::: 150°C and in a thermodynamic model of progressive 
evaporation in the nakhlites Bridges and Grady (2000) found that mineral precip­
itation temperatures of 10 - 25°C were consistent with the evaporite assemblages 
identified in the 3 meteorites. 

pH. Salts such as various sodium carbonates tend to appear in highly alka­
line brines. These are absent from the meteorites, suggesting that solutions never 
reached high pH. Instead the presence of iron minerals, such as siderite, containing 
Fe2+ in the nakhlites and ALH8400l, indicate that the precursor fluid had pH < 7 
in order to carry sufficient Fe2+ cations. 

peo2 . The presence of siderite in the nakhlites and ALH84001 suggests high 
pC02 conditions. This line of argument follows the same geochemical constraint 
used in determining pC02 of the early Earth: for example, pC02 in the late Ar­
chaean is deduced as <50 mbar based on the absence of siderite and the presence 
of hydrous iron silicates in paleosols (Rye et al., 1995). Essentially, in the ex­
pected presence of dissolved silica, siderite tends to form at pC02 > 50 - 100 mbar, 
whereas hydrous iron silicates will form at lower pC02 (Catling, 1999). Based on 
the presence of siderite, this would seem to suggest that the salts in nakhlites and 
ALH84001 were formed at pC02 much higher than the current surface pressure 
on Mars of "'-'6 mbar. However, the coexistence of smectites and siderite in the 
nakhlites could argue for an intermediate level close to "'-'50 mbar. The equivalent 
amount of CO2 locked up in the near surface can be calculated if we assume that 
typical carbonate amounts in the meteorites represent the whole of Mars. Taking 
"'-'0.5 wt% carbonate, and assuming a crustal density of 3000 kgm-3 , 1000 m 
of crust would contain 2.15 x 1018 kg of carbonate, which, using calcite as the 
carbonate, is equivalent to 2.15 x 1019 mol CO2. If this were all released, a pC02 
of "'-'250 mbar would result. Alternatively, 200 m of crust containing this concen­
tration of carbonate would be equivalent to 50 mbar of CO2 being sequestered. 
Supporting evidence for a martian atmosphere intermittently > 6 mbar up to geo­
logically recent times is given by gullies identified with very low overlying crater 
densities and hence of young age (Malin and Edgett, 2000a; Hartmann, 2001). A 
periodically thicker atmosphere would almost certainly be necessary to stabilise 
liquid water on the martian surface. 

Redox state. The presence of siderite in the nakhlites suggests a weakly re­
ducing environment because of the need to maintain Fe2+ in solution prior to 
its precipitation in carbonate. Goethite, which is of relatively minor occurrence 
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compared to the other secondary minerals, could have been derived from siderite 
or magnetite as a later oxidation product. In ALH84001, the assemblage pyrite, 
siderite, magnetite suggests reducing conditions although this evidence may be 
complicated by the possible association with shock vapourisation, after the initial 
carbonate precipitation. Reducing conditions are generally consistent with an early 
Noachian environment which experienced more volcanic outgassing than the later 
times in martian history in which the younger meteorites' parent rocks formed. 
This is also a possible explanation for the absence of sulphate in ALH84001, in 
favour of pyrite. 

5.4. CARBONATES IN THE MARTIAN CRUST AND ATMOSPHERIC Loss 
PROCESSES 

The martian atmosphere consists of volatiles that were acquired from smaller bod­
ies that either coalesced into the original bulk of the planet or impacted at a later 
stage. However, Mars later lost volatiles by various physical and chemical pro­
cesses. Two of the main processes that would have been effective at removing an 
early thick CO2 atmosphere are: (1) CO2 reacting with surface rocks and water 
to form carbonates (2) impacts from asteroids or comets blowing away the atmo­
sphere to space Melosh and Vickery (1989). In addition, preferential loss of H, 
compared to D occurred due to upper atmospheric loss processes, particularly that 
of hydrodynamic escape. 

Data from Mars Global Surveyor's TES shows that carbonates are not abundant 
on the present surface and are loosely constrained to < 10% (Christensen et al., 
1998). As calculated in the previous section, the abundance of carbonates in mete­
orites, if extrapolated globally, suggests the presence of no more than "-'0.25 bar of 
CO2 in the upper kilometer. Such CO2 , if released, would not be sufficient to raise 
the global mean surface temperature to above freezing (Forget and Pierrehumbert, 
1997) although it might contribute to seasonal tropical warming above freezing 
in combination with obliquity cycles (Haberle et al., 2000). More concentrated 
subsurface deposits of carbonate sediments are needed to explain sequestration of 
a thick, early martian atmosphere. Parts of the ancient highlands are composed 
of meter-scale thick layers (Malin and Edgett, 2000b) and these might include 
carbonate sediments. 

In addition to sequestration of CO2 in carbonate the early atmosphere was 
thinned by impact erosion (e.g. Melosh and Vickery, 1989). Evidence for this 
process is given by the striking abundances of radiogenic gases 40 Ar and 129Xe 
(produced after the formation of Mars by the decay of internal 40K and 1291, respec­
tively) relative to the primordial gases 36 Ar and I32Xe in the martian atmosphere 
(Owen, 1992).40 ArP6 Ar is 296 for Earth and 3000 ± 500 for Mars (Owen, 1992). 
The most probable scenario is that Mars' early atmosphere prior to "-'4 Gyr was lost 
by a combination of subsurface precipitation of carbonates and impact erosion. 
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Evidence for isotopically selective atmospheric loss to space is given by DIH 
enrichments found within the meteorites. On present day Mars, the relative loss 
rates of D and H in proportion to their atmospheric density is 0.32, but fractionation 
on very early Mars, when there was sufficient hydrogen to cause hydrodynamic 
escape, may have been in the range 0.8 - 0.9 (Zahnle et al., 1990). Hydrodynamic 
escape is the process whereby extreme fluxes of UV radiation in the early Solar 
System acted to form outwardly directed fluxes of H atoms (e.g. Carr, 1996). 

Jakosky (1993) modelled the relative loss rates for the different isotopes, loss 
flux, size of remaining reservoir, and degree of heavy isotope enrichment, which 
are all quantitatively related. Sugiura and Hoshino (2000) used their ALH84001 
results to suggest that the fractional increase in DIH of the martian atmosphere 
from 4.56 to 4 Gyr was 3.0/1.0 or 2000/0%0. The fraction of original hydrogen 
remaining on Mars at 4 Gyr was estimated at 2.4%. Subsequent fractionation up to 
recent times must have taken place at a more gradual rate. Atmospheric loss effects 
are less clear for oxygen, as Farquhar and Thiemens (2000) noted, the lack of a cor­
relation between ~170 and 8180 in the SNC secondary minerals is not consistent 
with this process being the dominant control. However, a loss of '""-7% from the 
atmospheric oxygen reservoir corresponds to increases of '""-20%0 in atmospheric 
8180 and several tenths of a permil in ~170 (Saxton et al., 2000b). Therefore, 
the ~ 17 0 excesses recorded by the secondary minerals probably also include some 
effects of atmospheric loss in addition to mass-independent fractionation. 

6. Synthesis and Conclusions 

6.1. RELATIONSHIP OF SNC SECONDARY ASSEMBLAGES TO CURRENT 
MARTIAN SURFACE DEPOSITS 

Most of the martian surface between the poles is partly covered by a mixture of dust 
and rocks that is inferred to be salt-rich. This partly cemented "soil" is believed to 
have a fairly homogeneous composition across the planet as a result of redistribu­
tion by aeolian activity. Viking and Pathfinder soils have a similar basaltic nature, 
although the former have higher S03 and Cl contents (Newsom et ai., 1999; Wanke 
et ai., 2001). The basaltic silicate composition is similar to that of the shergottites. 

Thermal emission spectrometry (e.g. at the Pathfinder site) also shows the ba­
saltic nature of the dust and rocks (Bibring and Erard, 2001). In addition, the 
characteristic ferric absorption edge at 445 - 800 nm of the martian surface suggests 
the presence of palagonite i.e. poorly crystalline ferric oxides of uncertain identity 
and state of hydration (Morris et al., 2000). Clay and carbonate minerals have not, 
however, been firmly identified (Banin et al., 1992). Thus, there are significant 
differences between the weathering products associated with the soil and those of 
the SNCs. In the latter, ferric oxides form a relatively minor part of the secondary 
mineral assemblages. The secondary minerals in the meteorites cannot be clearly 
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related to the processes associated with the palagonite-type alteration inferred for 
the global martian soil. Whether the anions in the soil salts originated from brines, 
gas-solid reactions (Gooding, 1978), acid fog (Banin et ai., 1997), hydrothermal 
fluids (Newsom et ai., 1999), or some combination of these processes is not cer­
tain. The research on salt minerals in the SNCs does point towards the importance 
of low temperature brines at or near the martian surface. There is insufficient soil 
mineralogical data to make direct comparisons to the meteorite data about fluid 
compositions. However, the low Mg/Ca ratio and K abundances of nakhlite salts 
may indicate that the prior to evaporation, the brine underwent some hydrothermal 
exchange < 150°C with surrounding igneous rocks. 

The possibility of an ancient ocean (>3.5 Gyr) on Mars has been raised (e.g. 
Carr, 1996; Head et ai., 2001). It seems probable that the ocean, if it existed, 
predated some ancient highland surface based on layering relationships (e.g. Malin 
and Edgett, 2000b). The evaporites in the nakhlites are later and are better ex­
plained by more short-lived events rather than through association with an ocean. 
For instance, the volume of water in the meteorite parent rocks may have been 
large, but its presence would have been ephemeral given that evaporite miner­
als comprise no more than ~ 1 vol. % of martian meteorites and that there is no 
evidence for prolonged weathering of the surrounding igneous rocks. 

6.2. FORMATION OF THE SECONDARY ASSEMBLAGES IN SNCs 

The available experimental and phase equilibrium data which are most relevant 
to the salt minerals in the SNCs suggest relatively low upper temperatures of 
formation « 150°C) and, in the case of much of the carbonate, as metastable 
phases indicating fairly rapid crystallisation, perhaps over days. Siderite may have 
crystallised at around 25°C. These temperatures are consistent with the modeling 
based on stable isotope compositions. Although such an approach has limitations 
because it is now clear that the secondary assemblages have preserved mass inde­
pendent fractionations of H, Sand 0 isotopes, the ratios are clearly inconsistent 
with high temperature equilibration of silicate and carbonate or sulphate miner­
als. The large fractionation in 8180 between the igneous silicate and secondary 
minerals (> +30%0) shows that the latter must have formed at <400°C. The rela­
tively simple salt assemblages and limited amount of silicate alteration also suggest 
short-lived pulses of fluid in the parent rocks and a lack of extensive, long-lived 
hydrothermal systems. 

The mineralogical features of the secondary minerals e.g. Ca-rich followed by 
Mg-rich carbonate, and the sequence of salt mineral crystallisation recorded in 
the 3 nakhlites are consistent with an origin through brine evaporation. Initial 
formation from an evaporating brine is the model most consistent with the data 
on these minerals and such brines were probably acidic and reducing. Some of 
the secondary minerals (e.g. the siderite located within fractures of Lafayette) are 
clearly filling fracture/void space. The association of carbonate with feldspathic 
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glass, especially in ALH84001 is more ambiguous. There is also firm evidence that 
high temperature effects, associated with shock, have affected some of the SNCs. 
In particular, research on a subset of the magnetite grains within the carbonate 
rosettes of ALH84001 demonstrates the likelihood of shock-induced recrystallisa­
tion and partial vapourisation of pre-existing salt assemblages. This process may 
have partially obscured the nature of the original fluids in the parent rock. 

6.3. TIMING AND ORIGIN OF AQUEOUS ACTIVITY 

The carbonates in ALH84001 appear to be about 3.9 - 4.0 Gyr old. On the other 
hand, it is still not clear when the weathering products in the nakhlites formed. 
At least some of them formed several hundred Myr ago. The spread in K-Ar ages 
could represent partial loss of Ar from the fine-grained samples. However, some 
clay samples on Earth, with its warmer temperatures, have retained Ar for up to 
450 Myr (Dong et at., 1997). Thus, the samples shouldn't have lost their Ar in 
martian ambient conditions, and Swindle et ai. (2000) argued that partial gas loss 
during processing and irradiation is unlikely. Another alternative is that there is 
not a single age for these weathering products. If the intimate banding within the 
Lafayette siderite and clay veins reflected deposition from a sequence of fluids 
(Vicenzi and Eiler, 1998), there might actually be a wide spread in ages. 

The 650 - 700 Myr formation age implied by both the Rb-Sr model age and 
the oldest K-Ar age may well be an upper limit, or it might possibly be an average. 
This means that the alteration occurred and continued long after the formation of 
the rocks, since their crystallization ages are about 1.3 Gyr (Nyquist et ai., 2001). 
The younger crystallization ages of the shergottites (165 - 470 Myr, Nyquist et at., 
2001) may well indicate more recent fluid activity associated with the secondary 
mineral assemblages in those meteorites. However, as the distinction between mar­
tian and terrestrial salts is not as clearly established as for those in the nakhlites 
and ALH84001 this important issue remains to be clarified in future work. 

A consideration of ALH84001 and Lafayette ages leads to a further implication. 
Although ALH84001 was in a location favourable to carbonate formation 3.9 Gyr 
ago, there is little evidence for any other alteration products. The lack of more 
recent weathering products in ALH8400 I argues against a continuously warm and 
wet martian history. Similarly, as the salt assemblages, in the nakhlites particularly, 
are highly soluble, their preservation over hundreds of millions of years means it is 
likely that the fluid activity was not prolonged and recurring but instead took place 
during one or a few rapid and isolated events. It is possible that sporadic, localised 
brine migration and evaporation has continued until geologically recent times and 
is responsible for the gullies seen in recent MOC images on young terrains. The 
mechanisms associated with the formation of brines and their subsequent evapora­
tion are not certain. An obvious source of energy to melt ice and establish a flow of 
water is igneous activity. However, if that is the case, the igneous activity that led 
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to the alteration of the nakhlites was not associated with the magmatic activity in 
which the parent rocks formed. 

Another process which could have led to ice melting is variation in the solar 
insolation. This occurred on timescales of ICY - 107 years as a result of obliq­
uity changes (Bills, 1990; Haberle et al., 2000). Heating alone is not, however, 
sufficient to explain the formation and nature of the brines from which the SNC 
secondary minerals probably crystallised. For instance, the siderite and Fe-rich 
phyllosilicates seen in the nakhlites form together at about 50 mbar pCQ and not 
the current martian average of 6 mbar. Calculations on the amount of CQ trapped 
in the upper few hundred meters of the martian crust in the form of carbonate also 
suggest that an ancient atmosphere could have had 50 - 250 mbar pCQ. Therefore 
thicker atmospheres, with an associated increased chance of liquid water being 
stabilised were present - at least periodically - during the secondary minerals' 
formation S 650 - 700 Myr. 
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Abstract. Aeolian (wind) processes can transport particles over large distances on Mars, leading 
to the modification or removal of surface features, formation of new landforms, and mantling or 
burial of surfaces. Erosion of mantling deposits by wind deflation can exhume older surfaces. These 
processes and their effects on the surface must be taken into account in using impact crater statistics 
to derive chronologies on Mars. In addition, mapping the locations, relative ages, and orientations of 
aeolian features can provide insight into Martian weather, climate, and climate history. 

1. Introduction 

Aeolian processes involve the interaction of the atmosphere and planetary surfaces 
(reviewed by Greeley and Iversen, 1985). Winds can erode and transport large 
quantities of fine particles and deposit them elsewhere on the surface. Conse­
quently, existing landforms, such as craters, can be modified, erased, or buried, 
while new landforms, such as dunes, can be created. Aeolian processes operate on 
all scales, from wind-abraded grooves a millimeter across on rock faces, to rocks 
and kilometer-size hills sculpted by windblown sand, to dune fields tens of meters 
thick and covering thousands of square kilometers. These and other aeolian features 
have been found on Mars. 

In the absence of liquid water on Mars and the lack of direct evidence for active 
volcanism and tectonic deformation, aeolian processes are probably the dominant 
agent of surface modification in the current geological regime (Wells and Zimbel­
man, 1989; Greeley et ai., 1992). High resolution views of Mars from the Mars 
Global Surveyor (MGS) Mars Orbiter Camera (MOC) are showing the dominance 
of aeolian features on the surface, as reported by Edgett and Malin (2000). Aeolian 
processes are likely to have operated throughout much of Mars' history. Aeolian 
features such as wind streaks (Thomas et al., 1981; see Figure 1) enable inferences 
to be drawn concerning the dominant wind directions at the time of their formation. 
Systematic mapping of these features through space and time on Mars' surface 
provides clues to current and past weather systems and climate. In this chapter, we 
outline the basics of aeolian processes, review the styles of potential resurfacing, 
and consider the consequences for understanding Martian chronology and history. 

,~, Space Science Reviews 96: 393-404, 2001. 
© 2001 Kluwer Academic Publishers. 
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Figure I. High and low albedo patterns forming bright and dark streaks are seen in this high resolution 
view of the Medusae Fossae region of Mars. The prominent bright streak associated with the impact 
crater is typical of those seen on Mars at all scales up to tens of kilometers long. This and other wind 
streaks are inferred to represent the prominent wind direction at the time of their formation ; in the 
case shown here, the wind would have been blowing from the lower left to the upper right. The area 
shown is about 500 m wide (NASA MGS image MOO-00534; Malin Space Sciences System). 

2. Aeolian Processes 

Two factors are involved in aeolian processes, a dynamic atmosphere (i.e., wind) 
and a supply of small, loose particles. As reviewed by Zurek (1992), the Martian 
atmosphere is very dynamic, with near-surface winds measured by the Viking lan­
ders in excess of 28 m S- 1. General circulation models (GCMs) of the atmosphere 
(Pollack et ai., 1990) show systematic wind patterns as a function of season and 
location on the planet. For example, some of the strongest winds are modeled to 
occur in the southern highlands during the southern hemisphere summer, a season 
and location of frequent, observed dust storms. In many areas there is a direct cor­
relation between the orientation of bright wind streaks and directions of strongest 
winds predicted by the GCM, suggesting that the streaks reflect the current wind 
system (Greeley et al., 1993). 

Most windblown particles are less than a few millimeters in diameter, both on 
Earth and Mars (Greeley and Iversen, 1985). Particles of this size are generated 
by a wide variety of geological processes, including chemical weathering, impact 
cratering, volcanism, tectonism, and other agents of gradation, such as running 
water, all of which have occurred on Mars. 

As shown in Figure 2, winds transport particles in three basic modes: 1) sus­
pension (typically involving grains ;s 60 /k in diameter, or dust); 2) saltation (for 
grains rv 60 to 2000 /k in diameter, or sand): and 3) surface creep for grains ~ 2000 
/k across. Threshold curves define the minimum wind friction velocity (Bagnold, 
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Figure 2. A) typical wind velocity profile above the surface though the boundary layer; friction along 
the surface generates a shear stress (r) which lifts particles into the atmosphere; B) threshold curve 
for Mars showing the threshold wind friction velocities (U*t. which is a function of the shear stress 
exerted by the wind) for particles of different sizes; differences among Mars, Earth, and Venus result 
from the differences in atmospheric densities (Greeley and Iversen, 1985); C) diagram showing the 
three modes of particle transport by the wind; although suspension and surface creep/roll can occur 
independently, these modes are often initiated or enhanced by saltation impact. 

1954) needed to set grains into motion as a function of diameter. Extrapolation 
to the low-density, carbon dioxide atmosphere of Mars shows that minimum fric­
tional velocities to set sand into saltation are about 10 times greater than on Earth, 
depending on the surface roughness (Greeley et ai., 1980). It should be noted that 
friction velocities are related to the shear stress exerted by the wind boundary layer 
above the surface, and are not equal to the wind speeds that one would experience 
standing on the surface. Grains "" 100 It in diameter (fine sand) have the lowest 
threshold friction velocity, with both smaller (e.g., dust) and larger grains requiring 
higher velocities for movement due to interparticle forces and aerodynamic effects 
for the smaller grains and the higher mass of the larger grains. In addition to simple 
wind shear, more complicated vortical atmospheric motions, termed dust devils, are 
effective in setting grains into motion. First discovered on Mars in Viking orbiter 
images (Thomas and Gierasch, 1985), numerous dust devils have been observed 
in Mars Pathfinder data (Smith and Lemmon, 1998; Renno et ai., 2000) and Mars 
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Figure 3. These dark meandering and looping patterns on the surface of Mars are inferred to be the 
trails left by dust devils which lifted fine particles into the atmosphere, exposing a darker substrate. 
The area shown is about 2 by 2.4 km (NASA PIA02377; Malin Space Sciences System) 

Global Surveyor images (Malin et ai., 1998), including traces of inferred dust devil 
tracks (Figure 3). 

Grains in saltation "hop" along the surface; as the grains impact, they can inject 
smaller particles into suspension and push larger grains along the surface in creep 
(Figure 2c). Thus, saltating sand is critical in the aeolian regime because it is 1) 
the grain size moved by lowest winds and, thus, will be the most common material 
moved (provided they are available), 2) capable of setting dust and larger grains 
into motion under wind conditions otherwise too low for threshold, and 3) the size 
commonly forming dunes, ripples, and wind-abraded rocks. 

3. Aeolian Resurfacing 

Resurfacing of Mars by aeolian processes includes erosion, burial or mantling, and 
exhumation of older surfaces which have been mantled by deposits of aeolian, 
fluvial, or volcanic origins. 

3.1. WIND EROSION 

Wind erosion occurs in two principal forms, deflation and abrasion. In deflation, 
relatively loose materials are picked up by the wind and removed. Such material 
can be unconsolidated sediments, including previously wind-transported deposits, 
or grains weathered free from consolidated or crystalline parent rocks. Landforms 
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on Earth resulting from deflation include wind-stripped surfaces and depressions 
(commonly called blowouts) ranging in size from a few meters across to basins 
hundreds of kilometers across, as reviewed by Cooke et ai. (1993). 

Various areas on Mars have been attributed to wind deflation, as first noted 
by McCauley (1973) in the analyses of Mariner 9 images. These include surfaces 
surrounding pedestal craters which were assumed to have been lowered by wind 
erosion. The "pedestals" coincide approximately with the ejecta zone and was as­
sumed to have been left high-standing because it was rockier than the surrounding 
plains, forming a type of armor-plating less subject to wind erosion. The crater 
shown in Figure 1 is one type of pedestal crater, although its "pedestal" has a more 
serrated outer boundary than typical forms. If pedestal craters do reflect deflational 
areas, then their presence would signal significant amounts of material removed 
by the wind, and lowering of the surfaces by tens of meters (the heights of the 
pedestals). Such deflation might be capable of removing or substantially eroding 
craters < 100 m. On the other hand, if pedestal craters are remnants from wind 
erosion, one would expect the outline of the pedestal to be asymmetric in response 
to prevailing wind directions, as is the case with other aeolian features observed 
on Mars. Such asymmetry, however, is not seen around pedestal craters and their 
formation is open to question. 

Abrasion occurs when windblown grains strike surfaces, rocks, or other grains 
and cause fragmentation. On the scale of millimeters to centimeters, pits, flutes, 
and grooves can be cut into rock, while on scales of centimeters to meters, rocks 
can be faceted and eroded into distinctive shapes called ventifacts. On scales of 
meters to kilometers, wind-sculpted hills, called yardangs, can be developed by 
a combination of abrasion and deflation. These features have been identified in 
images of Mars in many areas (Binder et al., 1977; Mutch et ai., 1977; Ward, 
1979; Bridges et ai., 1999). 

It is difficult to determine the amounts and rates of wind erosion on Mars. 
Arvidson et al. (1979) estimated the age of the surface around the Viking 1 land­
ing site from the preservation of small craters and extrapolation from lunar crater 
chronologies. They estimated the rates of erosion by all processes, including wind, 
to be relatively low. Similarly, Golombek and Bridges (2000) estimated the rate of 
erosion at the Pathfinder site to be 0.01 to 0.04 nm/yr. On the other hand, theoretical 
considerations by Sagan (1973) suggested that rates of wind abrasion should be 
very high on Mars because of the high wind speeds needed for particle entrainment. 
Laboratory experiments by Greeley et al. (1982) showed that the low rates of ero­
sion could be explained if there were a paucity of effective agents of abrasion (such 
as holocrystalline sand grains) on Mars. They also showed that, while wind speeds 
are high on Mars in comparison to Earth, particles reach a smaller percentage of 
the wind speed on Mars because there is less effective "coupling" of the wind to 
the grains. 

There is a fundamental consideration which must be taken into account in as­
sessing wind erosion. Very little work has been done on the rates of landform 
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Figure 4. High resolution image of sand dunes in the Martian north polar area (Borealis Chasma) 
showing classic slip faces (the steeper, right-hand sides of the dunes) the orientations of which 
indicate that the prevailing wind direction at the time of their formation was from the left to the 
right. When this image was taken (September 1998) most of the area was covered with bright frost, 
including the dunes. Area shown is about 1.4 by 1.8 km (NASA PIA02069; Malin Space Sciences 
Systems). 

erosion by the wind on the scale of hundreds of meters and larger, and extrapolation 
of wind abrasion from smaller features, such as rocks, probably is not appropriate. 
Thus, rates of wind erosion and eventual "erasure" of large landforms such as 
impact craters is poorly constrained on Earth and Mars. 

3.2. WIND DEPOSITION 

There appears to be abundant windblown material on Mars, as evidenced by the 
frequent dust storms and widespread occurrence of sand dunes. Viking orbiter 
images reveal extensive dune fields , the most prominent of which is in the north 
polar area (Cutts et aI., 1976; Tsoar et aI., 1979). More recently, Edgett and Malin 
(2000) document sand dunes in many parts of Mars imaged in high resolution, 
including the north polar area (Figure 4). Although few estimates of the thickness 
of the dune deposits have been made, one study suggests that parts of the north 
polar dune field have an "equivalent sediment thickness" (the thickness of all the 
material if it were spread out as a uniform layer) ranging from 0.5 to 6.1 m, with 
an average of 1.8 m (Lancaster and Greeley, 1990). Although this thickness of 
material could bury craters tens of meters in diameter, it is unlikely to mask larger 
craters. On the other hand, this estimate applies only to the dunes on the surface 
and does not take into account the possibility of older dune deposits which could 
exist below the observed dune field. 
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In addition to windblown materials organized into dunes, sand sheets could also 
occur on Mars and be unrecognized in images from orbit. For example, Viking 
infrared thermal mapping (lRTM) data suggest the presence of sand-size deposits 
in many areas (Edgett and Christensen, 1994) where obvious dunes are not seen at 
available orbital image resolution. In addition, most of the duneforms seen at the 
Pathfinder site are at the limit of detection by MOC, yet this surface suggests the 
presence of sand-size material in the MGS Thermal Emission Spectrometer data. 

Perhaps the greatest volume of windblown material is in bright and dark dust 
deposits. For example, Soderblom et ai. (1973) noted that large areas of Mars have 
a subdued appearance and suggested that mantling deposits were derived by wind 
erosion in the polar areas and were transported to lower latitudes, burying smaller 
craters « 1200 m in diameter) and subduing larger craters. This material was likely 
to be dust carried by suspension. Viking IRTM data suggest mantles of dust in 
many areas, including the southern highlands (Christensen, 1986), but it is not 
possible to determine the thickness of the deposits. 

Low albedo dust is also probably present, as reviewed briefly by Edgett and 
Malin (2000). They show MGS MOC images supporting earlier suggestions by 
Dollfus et ai. (1993) that some low albedo zones, such as Mare Erythraeum, include 
coarse dust which might have been emplaced in short-term suspension. Other low 
albedo areas probably include this type of dust which is fixed within duricrust and 
is immobile to transport, and sand-size particles of dark minerals. 

3.3. EXHUMATION 

Some areas show evidence for exhumation of older surfaces by wind erosion. For 
example, in Figure 5 a series of craters is seen in the Amazonis Planitia region 
(Greeley et ai., 1985); crater 1 appears to be mantled, crater 2 appears to be half 
mantled and half exhumed, and crater 3 is superposed on the mantle. As the mate­
rial is stripped, linear streamlined hills, or yardangs, are left behind. Nearby, small 
dunes found along the margin of the exhumation boundary suggest that sand-size 
material is being stripped from the mantle. Were these relationships not seen in 
this area, it is doubtful that crater 2 would be recognized as being formerly buried. 
The pristine morphology of the exhumed part gives little evidence of the extensive 
deflation that must have taken place, and is very similar to the ejecta morphology 
of crater 3. 

4. Wind Regime, Past and Present 

Several lines of evidence suggest that the wind regime on Mars has been vari­
able through time in terms of wind and windblown particles. For example, Edgett 
and Malin (2000) analyzed MGS MOC images and showed evidence for both ac­
tive and inactive dunes, suggesting that aeolian processes might have been more 
vigorous (or at least variable) in the past. 
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Figure 5. a) Viking Orbiter image of the Medusae Fossae area showing deposits (top 3/4 of the image) 
which mantle cratered terrain. Crater I is mostly mantled, crater 2 is half- mantled and half-exhumed, 
and crater 3 is superposed on the mantle deposits. Without seeing the relationships portrayed here, 
it is doubtful that the cratered terrain in the lower part of the image would have been recognized as 
formerly buried, as evidenced by the similar appearance of the ejecta for crater 3 and the exhumed 
part of crater 2. Area shown is about 52 by 75 km. (Greeley et a!., 1985; NASA Viking Orbiter image 
438S01). b) Photograph of an exhumed basaltic surface north of Askja, Iceland, showing the well­
preserved surface features, such as pahoehoe "ropes" seen in the foreground; in the background (near 
the figure) is the remnant of the ~1.5-m-thick deposit of silt and clay which covered the entire area, 
but is being stripped by wind deflation. This is a smaller version of the case illustrated on Mars in a) 
(photograph by R. Greeley, August 1980). 

The geometry of most aeolian features, including wind streaks, drift deposits, 
yardangs, and many duneforms, indicates the prevailing wind direction at the time 
of their formation. Comparing the orientations of these features with meteorologi­
cal data taken from landers on the surface and predictions from GCM simulations 
gives insight into the aeolian regime on Mars. In addition, comparing the orienta­
tions of wind features which might reflect paleowind regimes can provide clues to 
changes in climate and Martian history in general. Bright wind streaks correlate 
well with GCM predictions for strongest winds in most parts of Mars, including 
the Viking 1 site where there is also a correlation with measured strongest winds. 
Dark wind streaks do not correlate very well with GCM runs, and it was suggested 
that these features result from local winds influenced by topography, which is not 
modeled in the GCM (Greeley et aI., 1993). 

A wide variety of aeolian features are seen at the Pathfinder site in images 
taken from orbit and the surface (Greeley et ai., 1999, 2000), including bright 
wind streaks, wind tails (oriented drift deposits associate with rocks), duneforms, 
wind-modified craters, and wind-abraded rocks (Bridges et ai., 1999). Greeley et 
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al. (1999) analyzed the orientations of these features for comparisons with GeM 
runs. Results show excellent correlations among the bright wind streaks, the wind 
tails, and the duneforms (seen both from orbit and the surface) with the strongest 
winds predicted by the GeM. The wind-abraded rocks and the wind-eroded parts 
of small craters, however, do not correlate with these features, suggesting that they 
represent a paleowind regime (Greeley et al., 2000). GeM runs for all Martian 
seasons under current conditions and for changes in Mars' obliquity cannot account 
for the inferred orientation of the paleowind regime suggested by the anomalous 
aeolian features. This leads to the suggestion that either there are anomalous me­
teorological patterns not modeled by the GeM, or that Mars' spin axis was at a 
different geographic position than it is at present (Kuzmin et ai., 2000). 

5. Summary Implications for Chronology and History 

Aeolian processes are probably the current primary agent of surface modification 
on Mars today and are likely to have operated throughout much of the evolution of 
the surface. Landforms are both destroyed and created by these processes, as shown 
in Figure 6, leading to resurfacing through erosion, deposition and exhumation of 
older surfaces. Unfortunately, rates of resurfacing are poorly constrained because 
"absolute" Martian chronologies are poorly known and because the techniques for 
extrapolating wind abrasion rates from scales of < a few meters to larger landforms 
are not well developed, even on Earth. 

Aeolian processes can have a significant influence on the record of impact 
cratering. Unlike the Moon, the Martian surface is subjected to erosion and redistri­
bution of materials by wind and water, leading to degradation, removal, or burial of 
impact craters. If such modifications are not recognized, then crater statistics for the 
areas under study will be compromised; for the most part, age determinations based 
on crater counts would be underestimates. High resolution images, however, might 
reveal such modifications and perhaps some future technique could be developed 
to adjust the estimated ages. 

Surfaces which have been exhumed, however, might pose a more difficult prob­
lem for obtaining impact crater statistics. Such surfaces, in effect, would have been 
removed from the impact crater regime for an unknown period of time correspond­
ing to the burial. Moreover, as shown in Figure 5, it might not be possible to 
recognize a completely exhumed surface because small features can be perfectly 
preserved, even when viewed at extremely high resolution from the surface. For 
example, one could imagine a lava flow which has emplaced early in Mars' his­
tory, then buried by sediments before very many impacts occurred on its surface, 
yielding erroneously young dates. Although this scenario is conceivable, careful 
analysis of geological relations of all the units in the immediate area and in the 
regional context would likely reveal the anomaly. 
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Figure 6. This high resolution MOe image illustrates the complex interplay of volcanic, impact, and 
aeolian processes on Mars. These lava flows northwest of the volcano, Pavonis Mons, show a record 
of impact cratering, but most of the craters are degraded. The complex sand dune field to the right 
includes both large dunes (the prominent ridges) and smaller duneforms which appear to encroach 
the lava flows. Although parts of the flow margins are clearly visible, the crater morphologies suggest 
partial mantling and degradation, possibly by windblown sand (MOC image M0003198-part Malin 
Space Sciences System; courtesy of W. Hartmann). 

Future work should focus on quantifying rates of erosion, burial, and exhuma­
tion of large landforms by aeolian processes on Mars, drawing on terrestrial analogs 
to the extent reasonable to validate the approaches and to provide a means for 
extrapolation to Mars. Concurrently, studies should be undertaken to quantify the 
potential influence of aeolian processes on chronologies derived from impact crater 
statistics, beyond the qualitative assessment outlined here. 
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Abstract. Gullies found on Martian hillsides by Malin and Edgett (2000) appear in many cases to 
be formed by water seeps produced by underground aquifers. It is proposed that these aquifers result 
from geologically recent melting of permafrost ice by sporadic, localized geothermal activity. This is 
consistent with evidence from crater counts and Martian meteorites that much higher-temperature 
geothermal activity has produced volcanic activity and lava flows within the last 200 Myr, and 
perhaps within the last 10 Myr. This hypothesis explains an aspect initially described as surprising, 
namely concentration of the gullies at high latitudes and on shadowed slopes. Similar features are 
found on Icelandic basaltic hillsides, which may be ideal analogs for further studies that may clarify 
the Martian phenomena. 

Malin and Edgett (2000) found evidence of geologically young Martian seeps, 
in the form of gullies eroded on Martian hillsides. These features (Figure la) orig­
inate in disturbances part way down hillsides, consist of gullies running downhill, 
and sometimes have deltaic deposits at the foot of the gully. As proposed by Malin 
and Edgett, these characteristics suggest that the origin is erosion by liquid water. 
This process has produced virtually identical features on similar basaltic hillsides 
in Iceland, as shown in Figure 1 b. The Martian examples, as well as many Icelandic 
examples, originate in resistant layers cropping out some 100 - 300 m below the 
surrounding surface, as defined by the cliff top. The Martian seeps appear geologi­
cally young. Many are sharply defined, lack dune cover, and in several cases found 
by Malin and Edgett, have a basal apron that is deposited atop a dune field, as seen 
in Figure 2. 

The Martian seeps are consistent with the evidence for geologically young 
Martian volcanism, developed elsewhere in this volume. Martian meteorites prove 
that molten rock has been produced on or near the surface of Mars within the last 
200-300 Myr (Nyquist etat., 2001). These rocks probably represent samples from 
no more than three to five random impact sites on Mars, and another one of the 
sites has produced rocks 1.3 Gyr in age, strongly indicating that such geological 
units are not rare on Mars. The youngest such rocks are dated at ca. 170 Myr. 
Additional studies of Martian crater densities have identified geological young 
lava flows with inferred ages of < 100 Myr, and possibly < 10 Myr (Hartmann 
and Berman, 2000; Hartmann and Neukum, 2001). 

Those ages indicate that strong geothermal heating, with temperatures of the 
order 1200°C has occurred on and near the surface of Mars in the last 100 Myr 

Space Science Reviews 96: 405-410, 2001. 
© 2001 Kluwer Academic Publishers. 
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Figure 1. Comparison of Martian and Icelandic erosion gullies on hillsides. a: Martian example at 
latitude 29.7S, and longitude 38.6W. Geologic youthfulness is suggested by sharp outlines, lack of 
impact craters, and lack of dune or dust cover. (Mars Global Surveyor image MOC3-02990, Malin 
Space Science Systems and JPL). b: Icelandic example, north of Reykjavik. The hillside is formed in 
bedded basalts, with scale and morphology similar to the Martian example. (Photo by W Hartmann). 

or so, possibly more recently. The crater densities and inferred ages of various 
geologic units (Tanaka, 1986), as revealed by Mars Global Surveyor, Viking, and 
Mariner 9 images, imply that such igneous units have been produced sporadically 
throughout Martian history, from the earliest to the most recent times. 

Malin and Edgett proposed that the seeps arise from "groundwater moving 
within and along bedrock layers," but did not discuss the source or history of 
the groundwater. The present paper suggests that the cause of the seeps is the 
melting of the underside of Martian permafrost ice layers by sporadic and scat­
tered geothermal heating, creating underground aquifers which occasionally crop 
out on hillsides, producing transient water flows that erode gullies. Most gullies 
are in the old, cratered southern highlands, an area that was probably deeply gar­
dened by cratering, and provided an ideal porous medium for extensive permafrost 
accumulation (Hartmann et ai., 2000). Malin and Edgett proposed outbursts of 
a few thousand m3 of water, fast enough to cause erosion before sublimation or 
freezing could end the event. The geothermal heating events that would melt ice at 
around ODe (or less in the case of brines) would be much less intense than those 
needed to produce magmas, and hence would be more frequent. This would explain 
the somewhat subjective impression that many seeps are geologically extremely 
young, an impression buttressed by lack of sand dune cover (Malin and Edgett, 
2000). This model also explains Malin and Edgett's finding of clusters of sites 
with limited spatial extent, since these would be associated with regions of mild 
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Figure 2. This gully, at 29.4S, 39.1 W, produced a deltaic deposit on top of dunes in Nirgal Vallis, 
suggesting a very young age. This example was first pointed out by Malin and Edgett (2000). (MGS 
image M07-00752). 

subsurface heating. The model is also consistent with lack of obvious geothermal 
or volcanic features at the sites, because mild heating to around O°C would not 
produce macro-scale topographic expressions. 

Squyres et ai. (1992) have reviewed abundant evidence that substantial ground 
ice deposits exist from near-surface down to kilometer scale depths at higher lati­
tudes, affecting surface morphology. Carr et al. (1977), Gault and Greeley (1978), 
Kuzmin (1980), Boyce (1980), and later workers (notably Costard, 1989) estab­
lished that the so-called rampart ejecta blankets, which resemble a muddy slurry 
in certain Martian impact craters, are very different from lunar ejecta blankets, and 
imply the presence of ice in near-surface layers at high latitudes (see review by 
Masson et aI., 2001). Figure 3 shows such a crater in a high-resolution MGS view. 
Kuzmin's work established that the permafrost ice exists closer to the surface at 
higher latitudes. Inferred depths from the surface to the ice-rich layer are <200 m 
in most regions poleward of 40" latitude, and < 100 m in some regions poleward of 
50° (Squyres et aI., 1992). 

Tanaka (2000) and other commentators indicated surprise that the features were 
at high latitudes, instead of at the equator, apparently based on the supposition 
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Figure 3. Martian impact crater with rampart ejecta blanket at latitude 33.2N and 238.6W longitude. 
Such ejecta blanket morphologies have been interpreted as evidence of near-surface ice deposits 
(Kuzmin. 1980). (MGS image SP02-43704). 

that the features should require maximum solar heating to produce the water. The 
present hypothesis explains the data better: the gullies naturally occur preferentially 
at high latitudes because that is where the ground ice deposits are known to reside 
in the upper 200 m and can provide a water source, whereas empirical evidence for 
shallow ice is lacking at low latitude. 

Malin and Edgett (2000) also noted that the gullies were located preferentially 
on colder, pole-facing slopes. This could be a natural consequence of the present 
hypothesis, as illustrated schematically in Figure 4. As Malin and Edgett noticed, if 
an aquifer appeared on a shaded, cold, pole-facing slope, the low soil temperatures 
could ensure freezing of the water, causing a plug to build up at the egress of the 
water conduit. This could result in pressure buildup until the ice plug was breached, 
producing the high volume flow, as suggested by Malin and Edgett. However, if the 
aquifer encountered a warm, sun-facing slope, sublimation would be maximized 
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Figure 4. Sketch showing proposed features of permafrost ice hypothesis for origin of gullies. Re­
gional geothermal heating creates an aquifer that encounters a hillside slope. High latitude is favored 
because near-surface ice deposits are located there. As noted by Malin and Edgett, gully formation 
is not favored on sun-warmed slopes (a) because sublimation is rapid there. Poleward-facing slopes 
(b) are favored to allow formation of an ice plug and buildup of water volumes under high pressure. 
Buildup of pressure leads to blowout of the ice plug and release of sufficient water volume to erode 
a gully. Outcropping of aquifers on sunward slopes leads to enhanced sublimation, unfavorable to 
buildup of sufficient water volume needed to erode a gully. 

during sunlit hours, preventing build-up of a large ice plug and thus preventing 
accumulation of a hydrostatic head to feed a major outburst of liquid water. 

In summary, the newly-discovered, geologically recent gullies are likely to be 
intimately associated with the recent evidence for geologically recent geothermal 
heating and magma production on Mars. Comparison of Figures 1 a and 1 b shows 
that the generally basaltic Icelandic hillsides, with craggy bedding of porous layers 
outcropping at the top, and smooth talus slopes with gullies in the lower portion, are 
strikingly similar to the Martian examples. The Icelandic examples may thus offer 
excellent opportunities for further studies that clarify Martian erosion phenomena. 
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Abstract. In addition to the Viking in-situ mass spectrometry measurements, our knowledge of 
the Martian atmosphere comes from remote sensing spectroscopy from the ground and from space. 
In particular, infrared measurements from the Mariner 9, Viking, Phobos and MGS orbiters have 
provided information upon the thermal profile, the chemical composition, the stratospheric winds, 
some isotopic ratios, and the properties of suspended dust. However, further remote sensing moni­
toring is still needed for a better understanding of the water cycle, a more accurate knowledge of the 
minor species and the aerosol composition, an improved measurement of the hydrogen and oxygen 
isotopic ratios, and for a full mapping of the middle altitude winds. Some of these information will 
be provided with the Mars Express mission. 

1. Introduction 

The atmosphere of Mars, as compared to the one of the other telluric planets Venus 
and the Earth, shows two main characteristics. First, its surface pressure is very 
low (less than 10 mbars), to be compared with 1 bar at the surface of the Earth 
and almost 100 bars at Venus surface. Second, due to the inclination of the polar 
axis over the ecliptic plane, the Martian atmosphere shows significant seasonal 
variations. Because the main atmospheric constituent, CO2, does condense at the 
temperatures of the Martian poles (about 180 K), CO2 is transported from one pole 
to another where it forms CO2 ice, and the total pressure of the atmosphere varies 
by about 30% over the seasonal cycle. 

The chemical composition of the Martian atmosphere (Table I) is dominated 
by carbon dioxide with a small percentage of molecular nitrogen and argon, and 
traces of O2, CO and H20. This composition shows strong similarities to the one 
of Venus, and also to the primitive atmosphere of the Earth, before most of the CO2 

was trapped in the oceans in the form of carbonates. The main difference, however, 
lies in the water abundance, very low on Venus and Mars but very high on Earth, as 
the total water trapped in the oceans, if it were gaseous, would correspond to more 
than hundred times the present nitrogen surface pressure. 

However, the past atmosphere of Mars is likely to have been more abundant 
than today, as well as its water content (Masson et aI., 2001; Head et aI., 2001). 
The understanding of the past history of the Martian atmosphere raises several 
questions. First, if the past atmosphere was denser than today, where did CO2 

disappear? It might have been trapped in the surface, as in the case of the Earth . 

•
.... , Space Science Reviews 96: 411-424, 2001. 

© 2001 Kluwer Academic Publishers. 
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TABLE I 

The composition of the Martian lower atmosphere (from Owen, 1992) 

Gaseous species Abundance Gaseous species Abundance 

CO2 95.32 % 36+38Ar 5.3 ppm 

N2 2.7% Ne 2.5 ppm 
40Ar 1.6 % Kr 0.3 ppm 

02 0.13 % Xe 0.08 ppm 

CO 0.Q7 % 03 0.04 - 0.2 ppm 

H2O 10 - 1000 ppm 

However, carbonates have been searched for on the Martian surface for decades but 
have never been finnly identified in spite of several tentative detections (Pollack et 
ai., 1990a; Clark et ai., 1990; Lellouch et ai., 2000). The search for carbonates and 
other mineralogic species on the Martian surface thus remains a major challenge in 
the future exploration program of Mars. Next, if water was so abundant in the past, 
how did it disappear? It has been suggested that water might be trapped today under 
the Martian surface in the fonn of pennafrost. Identifying this water reservoir will 
be also a key question for future studies. 

Another problem deals with the present water cycle on Mars. Along the Martian 
seasonal cycle, water, like CO2, is transported from one polar cap to the other. But 
because H20 is much less abundant and more easily condensible than CO2, the 
seasonal variations of water abundance are not 30%, as for CO2, but as much as a 
factor 100. In order to learn more about the history of water on Mars, we need to 
better understand today's cycle of H20, and to identify its sources and sinks. 

In this paper, the present status of the Martian atmosphere is discussed, as de­
rived from the Viking in situ measurements and from remote sensing techniques 
from ground and space. Most of our knowledge, since the Viking exploration, has 
come from the analysis of the spectrum of Mars, from the visible to the radio range. 
This spectrum is composed of two main components: the reflected solar spectrum, 
which peaks at 0.5 /Lm and dominates the observed spectrum of Mars up to a 
wavelength of ",4 /Lm, and the thennal emission, which is the blackbody emission 
of the Martian surface and atmosphere. At short wavelengths, the atmospheric 
gases are observed through the absorption of their molecular bands in front of the 
solar continuum; a direct infonnation is obtained upon their column density, i.e. the 
number of molecules along the line of sight. At long wavelengths, in the thennal 
regime, the outgoing flux is mostly a function of the temperature. The thennal verti­
cal profile is characterized by a troposphere where the temperature decreases with 
increasing altitude. Above "'50 km, the temperature stays more or less constant. 
The shape of the infrared thenna! spectrum of Mars strongly depends upon the 
contrast between the surface temperature and the temperature of the troposphere. In 
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Figure 1. The spectrum of Mars (whole disk) as observed by ISO-SWS. The gap at 12 /Lm corre­
sponds to a change in the grating bands. Most of the absorption features are due to atmospheric gases, 
in particular C02 at 2.7, 4.3 and 15 /Lm . 

most of the cases, at mid-latitudes, the surface is warmer than the atmosphere and 
the molecular bands are observed in absorption. However, in the case of the polar 
caps, the surface is colder than the atmosphere and the observed spectrum is seen 
in emission. Thermal spectra provide information about the vertical distribution 
of minor constituents, when the temperature profile is known. This profile can 
be retrieved from the inversion of the strong bands of CO2, which is the main 
atmospheric gas. This technique has been successfully used with the IRIS data of 
Mariner 9 (Hanel et ai., 1972). A typical infrared spectrum of Mars is shown in 
Figure 1. It corresponds to the whole disk, as observed by the Short-Wavelength 
Spectrograph of the Infrared Space Observatory (Lellouch et ai., 2000). Most of 
the features, attributed to gaseous CO2, CO and H20, are of atmospheric origin. 

2. The Data Base 

Two space missions have provided in-situ data related to the Martian atmosphere. 
The Viking landers gave a direct measurement of the temperature profile (Seiff 
and Kirk, 1977), as well as the surface temperature and pressure over a seasonal 
cycle (Zurek, 1992); the atmospheric composition was retrieved from the mass 
spectrometry experiment (Owen et ai., 1977). The Mars Pathfinder experiment, in 
July 1997, provided direct information about the surface temperature and pressure, 
and on the water vapor abundance (Smith et ai., 1997). 

In addition to in-situ measurements, our knowledge of th Martian atmosphere is 
based on a data set composed of remote sensing observations, both from space and 
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from the ground. Space remote sensing observations of the Martian atmosphere 
started with the IRS data obtained during the Mariner 6 and 7 flybys (1969). Later, 
the IRIS infrared interferometer aboard Mariner 9 provided an important data set, 
still used today, which allowed to derive thermal maps, information on the water 
content, the dust composition and the surface mineralogy (Hanel et ai., 1972). Two 
Viking remote sensing instruments were very important for atmospheric studies: 
IRTM, an infrared radiometer which determined the temperature field (Kieffer et 
ai., 1977), and MAWD, which measured the water abundance from the profile of a 
near-IR H20 line (Farmer et ai., 1977). Later, the ISM near-infrared imaging spec­
trometer aboard the Phobos mission provided data about the dust distribution and 
the CO and H20 abundances (Rosenqvist et ai., 1992). Finally, the TES instrument 
aboard Mars Global Surveyor is able, in addition to surface mineralogy, to monitor 
the thermal atmospheric structure (Conrath et ai., 1999). 

Ground-based images have been obtained in the visible range, leading to a 
monitoring of the polar caps evolution and the dust storms. The water abundance 
has been monitored through the analysis of a weak H20 band at 0.82 /Lm (Barker, 
1976) and oxygen was detected at 0.76 /Lm (Barker, 1972; Trauger and Lunine, 
1983). Spectroscopy in the near-infrared has provided information about CO (Ka­
plan et at., 1969; Billebaud et at., 1998) and HDO (Owen et ai., 1988), in addition 
to the mineralogic properties of the surface. Observations in the microwave and 
radio range have been most successful for measuring the CO mixing ratio and 
monitoring the temperature profile (Clancy et at., 1990), for determining the H20 
vertical distribution (Clancy et ai., 1996), and for measuring winds (Lellouch et 
ai., 1991a). 

3. Thermal Structure and Dynamics 

The main method used to retrieve the thermal atmospheric profile, up to an altitude 
of '"'-'50 km, is the inversion of the strong CO2 v2 band at 15 /Lm (Figure 1). This 
study has been performed, in particular, by the IRIS spectrometer aboard Mariner 9 
(Hanel et ai., 1972); in addition, the IRTM radiometers aboard the Viking orbiters, 
working at several infrared frequencies, provided maps of the atmospheric temper­
ature at different altitudes over a full seasonal cycle (Martin, 1981). These maps 
were then used to retrieve velocity fields of thermal winds (Zurek, 1992) which 
were a precious tool to validate global circular models (Pollack et ai., 1990b; Forget 
et at., 1999). In the upper atmosphere of Mars (z = 100 - 200 kIn), the thermal 
profile was retrieved from radio-occultation measurements aboard the Mariner and 
Viking spacecraft (Kliore et ai., 1972; Lindal et at., 1979). 

Another powerful technique for retrieving the thermal profile is the ground­
based observation of CO transitions in the millimeter range by heterodyne spec­
troscopy. This technique is well suited to the analysis of the atmospheric Martian 
lines (which are very narrow due to the low pressure), as it provides a very high 
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resolving power (106 ) over a narrow spectral interval (typically 0.5 GHz). The 
observation of CO transitions of different intensities (the l2CO (1-0) and (2-1) lines 
at 115 GHz and 230 GHz, and the corresponding J3CO transitions at 110 GHz and 
220 GHz) allows a simultaneous retrieval of the CO abundance and the thermal 
profile up to an altitude of about 70 km (Clancy et ai., 1990, 1996; Lellouch et 
ai., 1991b). Observations show that the CO mixing ratio is constant with altitude 
with a value of 7 x 10-4 , and that it shows little temporal or spatial variation 
(Lellouch et ai., 1991b), as expected from its long lifetime. It can be noted that 
the atmospheric temperatures obtained from the millimeter technique tend to be 
systematically lower than the maps retrieved at 15 /Lm by the Mariner 9 and the 
Viking missions. Clancy et ai. (1996) interpret this difference by the presence of 
strong dust storms at the time of Mariner 9 and Viking which had the effect of 
warming up the atmosphere. 

Heterodyne spectroscopy was also powerful to measure stratospheric winds in 
the 40-70 km altitude range, from a ground-based mapping of the CO (2-1) transi­
tion, at the time of opposition, and a measurement of its Doppler shift (Lellouch et 
ai., 1991a; Theodore et at., 1993). Winds are retrieved with an uncertainty of about 
20 m/s. This method, which extends the results of the infrared measurements up to 
higher altitudes, provide important constraints to climate models and will benefit, 
in the future, from the use of large interferometers. 

4. Minor Constituents 

4.1. CO AND THE STABILITY OF THE MARTIAN ATMOSPHERE 

CO was first detected on high-resolution ground-based spectra through its (2-0) 
band centered at 2.35 /Lm (Kaplan et ai., 1969). The study of this band was later 
refined to search for possible local variations (Billebaud et al., 1998), but none were 
detected at the observed scale ('" 1 000 km), which thus confirmed the millime­
ter results mentioned above. Another experiment, however, gave more surprising 
results. The ISM imaging spectrometer, aboard the Phobos mission, was able to 
measure the CO abundance on localized areas of the Martian disk with high spatial 
resolution (20 km; Rosenqvist et al., 1992). While the standard value of CO was 
measured over low altitude regions, a significant depletion was apparently found 
over the volcanoes. Such a result is puzzling, considering the long lifetime of CO. 

A possible explanation, however, could be linked to heterogeneous chemistry 
Such an hypothesis was proposed by Atreya and Blamont (1990) as a tentative 
explanation of the stability of the atmosphere. The problem is the following: CO2 

is photodissociated into CO and 0, but the inverse reaction is spin-forbidden. The 
CO2 photodissociation should thus lead to an accumulation of CO and O2 on a 
time scale of a few thousand years. The low contents of CO and O2 presently 
observed (Table I) imply the existence of another recycling mechanism for CO2 . 
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Reactions involving OH have been proposed, but they seem to imply either a too 
high eddy diffusion coefficient (McElroy and Donahue, 1972) or a too high water 
content (Parkinson and Hunten, 1972). Heterogeneous chemistry, as proposed by 
Atreya and Blamont (1990) could favor the recombination of CO and 0 into CO2 
through catalysis over the surface of aerosols, and such a mechanism could lead to 
fluctuations of the CO abundance on a local scale. However, more recent analyses, 
using improved laboratory data for reaction rates and CO2 extinction cross sections, 
have shown that the CO2 production rate might exceed its loss rate even without 
catalytic recombination (Atreya and Gu, 1994; Rosenqvist and Chassefiere, 1995). 
In any case, a major objective for the infrared experiments aboard future space 
missions, in particular Mars Express, will be to confirm or infirm the reality of 
small-scale variations of the CO abundance. 

4.2. H20: SEASONAL AND INTERANNUAL VARIATIONS 

As mentioned above, water vapor exhibits huge seasonal effects due to its cyclic 
condensation on each of the polar caps. The water vapor abundance has been mon­
itored from the ground, using the weak H20 line at 0.82 Jlm (Barker, 1976; Rizk et 
aI., 1991) and from the Viking orbiter using the 1.38 Jlm band (Farmer et aI., 1977). 
Rotational H20 lines in the thermal range (20-50 Jlm) have been also analysed by 
IRIS aboard Mariner 9 (Hanel et a!., 1972). The Viking data, obtained over more 
than a seasonal cycle, showed evidence for a significant asymmetry between the 
northern and southern hemisphere: the maximum H20 abundance is about 90 pr­
Jlm around the north pole during northern summer while it is only 15 pr-Jlm in 
the southern region during southern summer. This asymmetry in the water vapor 
content, as well as the appearance of global dust storms during southern summers, 
are interpreted as a result of the ellipticity of the Martian orbit, which translates into 
northern summer temperatures being about 20 K colder than the southern summer 
temperatures (Zurek and Martin, 1993; Clancy et a!., 1996). 

The water vapor vertical distribution was also inferred from microwave and 
radio heterodyne spectroscopy measurements, using transitions of H20, HDO and 
H2180 (Clancy et a!., 1992, 1996; Encrenaz et a!., 1991, 1995a, 1998). Water 
was found to be confined in the lower atmosphere, presumably by condensation, 
especially during northern summer, another effect of the Martian ellipticity. These 
results were confirmed by other H20 measurements performed by the ISO satellite 
in July 1997, using the whole 2 - 40 Jlm spectral range (Burgdorf et ai., 2000; Lel­
louch et al., 2000) as well as in-situ measurements obtained by the Mars Pathfinder 
camera (Smith et ai., 1997; Titov et ai., 1998). Generally, the monitoring of the 
H20 abundance over about 3 decades shows a seasonal cycle which is globally con­
sistent with the Viking data and the climate models (Jakosky and Haberle, 1992); 
however there are also interannual variations which remain to be understood. 

Observations of the water vapor content at high spatial resolution (20 km) 
were performed by the ISM-Phobos instrument, using the 1.8 Jlm and 2.6 Jlm 
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bands. Data were obtained as a function of local time and latitude (Rosenqvist 
et at., 1992). Surprisingly, an factor 3 - 5 increase of the water vapor content 
was found over the Tharsis volcanoes (Titov et at., 1994). This variation was 
interpreted as evidence for a regolith-atmosphere exchange which translates into 
a higher water vapor content above high-adsorbing surfaces like clay regolith, as 
compared to basaltic terrains (Titov et al., 1995). In future space missions, the study 
of small-scale variations of the water vapor abundance will be crucial for better 
understanding the water sources and sinks on Mars and the surface-atmosphere 
interactions. 

4.3. OTHER OXYGEN COMPOUNDS: O 2,03 AND NO 

Molecular oxygen has been observed by high-resolution spectroscopy of two for­
bidden bands, the first one at 0.76 f-Im (Barker, 1972; Carleton and Traub, 1972) 
and the second one (airg1ow excitation coming from ozone photolysis) at 1.27 f-Im 
(Traub et aI., 1979). O2 was also detected by the Viking mass spectrometers (Owen 
et aI., 1977), with a mixing ratio of 1.3 x 10-3 . Although marginally detectable in 
the microwave range (Encrenaz et al., 1995b), O2 has not been detected yet by 
ground-based heterodyne spectroscopy. 

The detection of ozone was achieved by UV spectrometry, first with Mariner 6 
and 7, then with Mariner 9 (Barth et ai., 1973), and Mars 5 (Krasnopolsky et at., 
1979). A map of ozone was also recorded from ground-based heterodyne spec­
troscopy in the 9.7 f-Im band (Espenak et ai., 1991). Ozone was found to show 
strong seasonal, latitudinal and local effects, and peaks at about 50 km with a mix­
ing ratio of about 10-6 at the time of maximum abundance. The ozone abundance 
appears to be maximum in winter at high latitude, and anticorrelated with the water 
vapor content (Krasnopolsky, 1986). Although not yet detected in the millimeter 
range, ozone might be marginally detectable (Encrenaz et aI., 1995b). 

NO, detected by the Viking mass spectrometer in the Martian upper atmosphere 
(Nier and McElroy, 1977; McElroy et aI., 1977), is a product of nitrogen dissoci­
ation by electron impact in the ionosphere. Its abundance peaks at an altitude of 
about 120 km, with a mixing ratio of 7 x 10-5 . A NO emission was tentatively 
reported from ground-based millimeter heterodyne spectroscopy (Encrenaz et ai., 
1999) but this result failed to be confirmed in subsequent observations, and should 
thus be considered as very uncertain. 

4.4. UNDETECTED MINOR SPECIES 

Many species have been unsuccessfully searched for in the infrared or millimeter 
spectrum of Mars. A list of them is given in Table II. The upper limits come either 
from the IRIS-Mariner 9 data (CH4 , C2H2, C2H4 , C2H6 , N02, N20, NH3, PH3 ; 

Maguire, 1977; Owen, 1992), and from ground-based studies in the millimeter 
range (H2S, S02, OCS; Encrenaz et aI., 1991, and in the infrared range (H20 2, 
HCl, H2CO; Krasnopolsky, 1997). 
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TABLE II 

Upper limits of minor atmospheric species 

I Gaseous species I Upper limit II Gaseous species I Upper limit I 

CH4 210-8 PH3 1 10-7 

C2H2 210-9 S02 310-8 

C2H4 510-7 OCS 710-8 

C2H6 410-7 H2S 210-8 

N20 1 10-7 H2CO 310-9 

N02 1 10-8 HCI 210-9 

NH3 510-9 H202 310-8 

A tentative detection of CH4 was reported by Krasnopolsky (1997) with a mix­
ing ratio of (70 ± 20) x 10-9 • However, this result is only marginally compatible 
with the upper limit derived from IRIS (Maguire, 1977; Table II), as well as the 
upper limit inferred from the ISO data (5 x 10-8; Lellouch et at., 2000). 

Formaldehyde H2CO was tentatively identified from the Phobos solar occul­
tation data with a mixing ratio of 5 x 10-7 , in agreement with some theoretical 
predictions from photochemical models (Korablev et at., 1993). However, subse­
quent ground-based observations in the infrared and millimeter range showed that 
such an abundance cannot be distributed over the whole disk. 

The presence of H20 2 at the surface of Mars, has been suggested from pho­
tochemical calculations (Atreya and Gu, 1994). Indeed, H20 2 is suspected to be 
the oxidant responsible for the lack or organic material at the surface. The H20 2 
abundance is expected to be correlated with the water vapor content. However, the 
lack of detection of H20 2 in both the infrared and millimeter range tends to imply 
a lower abundance than predicted by the models. 

As pointed out by Krasnopolsky (1997), their stringent upper limit for HCI 
implies that chlorine chemistry is negligible on Mars as compared to hydrogen 
chemistry. 

Finally, the lack of sulfur-bearing species and nitrogen-bearing species should 
be pointed out. This should be seen in connection with the absence of nitrates and 
sulfates which, in spite of a tentative detection of sulfates in the IR thermal range 
(Pollack et at., 1990a), were never firmly identified on the Martian surface. 

4.5. ISOTOPIC RATIOS 

Isotopic ratios are important tracers of the history of Martian volatiles; the present 
state of knowledge is summarized in Owen (1992). Isotopic ratios ofthe rare gases 
have been measured by the Viking mass spectrometer (Owen et at., 1977) and their 
interpretation is discussed in this volume by Bogard et at. (2001). The 15N/14N 
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ratio, also derived from mass spectrometry aboard Viking, showed a significant 
enrichment 0.6) with respect to the terrestrial value (Nier and McElroy, 1977). 
This enrichment was interpreted by differential nitrogen escape over the history of 
the planet, leading to a selective enrichment of the heavier isotope (McElroy et ai., 
1977). The observed enrichment could imply an initial nitrogen partial pressure 
of between 1.3 and 30 mbar, which corresponds to an early atmosphere 10 to 300 
times denser than today. 

In the case of oxygen, the 170/160 and IS0/160 ratios have been measured from 
CO2 by IRIS (Maguire, 1977), then by mass spectrometry aboard Viking (Nier and 
McElroy, 1977) and were found in agreement with the terrestrial values. A surpris­
ing result came from Bjoraker et aZ. (989) who inferred a depletion of 170 and 
ISO in H20 from infrared high-resolution spectra aboard the Kuiper Airborne Ob­
servatory. These measurements should be repeated using infrared high-resolution 
spectroscopy aboard future space missions (and, in particular, the PFS instrument 
aboard Mars Express) to confirm this result, which would imply a different history 
of the CO2 and H20 reservoirs. In any case, the fact that the oxygen isotopic 
ratios do not show the strong enrichment in heavier species observed for nitrogen 
seems to imply the presence of an oxygen reservoir which could exchange with the 
atmosphere (McElroy et ai., 1977; Owen, 1992; Bogard et aZ., 2001). 

Another major result is the determination of DIH from the ground-based study 
of HDO infrared lines at high spectral resolution (Owen et ai., 1988; Bjoraker et 
ai., 1989; Krasnopolsky, 1997). Deuterium was found to be enriched by a factor 
between 5 and 6 with respect to the terrestrial value. Although much less than in 
the case of Venus, where an enrichment factor of 120 has been measured (Bezard et 
al., 1990), this value probably implies the presence of large amounts of water in the 
past history of Mars. It should be noted that the DIH ratio is still poorly determined. 
A key factor to improve this result is the simultaneous determination of the H20 
and HDO abundances. This could be achievable with the simultaneous observation 
of HDO and H2 1S0 transitions in the millimeter range (Encrenaz et aZ., 1998). The 
DIH determination should be also possible using the PFS instrument aboard Mars 
Express. 

5. Aerosol Properties 

Martian aerosols playa key role in the climate of Mars. Their more obvious appear­
ance lies in the dust storms which typically appear during southern summers (Kahn 
et ai., 1992). Dust storms are regularly monitored from ground-based telescopes 
and, more recently, with the HST. In addition, both the Mariner 9 and Viking 
missions occurred during strong global dust storms, so that aerosol properties, as 
well as the effect of dust on atmospheric parameters, could be extensively studied. 

The chemical composition of aerosols is dominated by silicates, which show a 
strong signature around 9 {Lm and a weaker one at 18 {Lm, as observed in the IRIS 
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data (Hanel et aI., 1972). A mean particle diameter of about 2 /Lm was inferred 
from the infrared measurements (Toon et aI., 1977). The 9-/Lm flux was also used 
by the IRTM to map the dust at the time of the Viking mission (Martin, 1981). A 
measurement of the dust opacity was provided by the Viking landers (Pollack et ai., 
1977), and later by Mars Pathfinder (Smith et aI., 1997). Other determinations of 
the dust opacity came from the slope of the near-infrared continuum as measured 
by Phobos ISM (Drossart et aI., 1991) and from the residual flux scattered in the 
center of the strong CO2 band at 2.7 /Lm observed in the ISM spectra (Titov et ai., 
2000) and the ISO data (Lellouch et aI., 2000). 

The composition of the dust is consistent with a mixture of basalt and clay 
minerals containing at least 60% of Si02 (Toon et aI., 1977); an additional 1% 
of iron oxyde, such as magnetite, is needed to account for the red colour of the 
Martian dust (Pollack et aI., 1977). In addition, tentative identifications of sulfates, 
carbonates and hydrates in the Martian dust were reported from KAO spectra of 
between 5 and 11 /Lm (Pollack et at., 1990a); another tentative detection of car­
bonates in suspended dust was reported from the analysis of the ISO spectrum in 
the 6 - 11 /Lm and 25 - 45 /Lm spectral ranges (Lellouch et ai., 2000). Some of the 
features observed by ISO in the 6-11 /Lm range were in fact also observed by IRIS, 
but had remained unidentified; they cannot be attributed to atmospheric species 
and have to come from a solid compound. However, no laboratory analog has been 
found to fully account for the observed signatures, so the proposed identifications 
are still tentative and require further confirmation. The TES experiment aboard 
MGS and later PFS aboard Mars Express should be able to provide an important 
contribution to this major question. 

6. Future Studies 

A complete understanding of the processes occurring in the Martian atmosphere 
require a monitoring of the atmospheric parameters which has not yet been per­
formed. We need to determine the thermal profile and the stratospheric winds up 
to an altitude of about 100 km, which corresponds to the maximum height of 
the Hadley cells. Other key measurements are the monitoring of the water vapor 
vertical distribution and the water ice, the search for new minor species, the de­
termination of the aerosol composition and a refined measurement of the isotopic 
ratios. The PFS instrument aboard Mars Express is expected to achieve part of 
these objectives (temperature retrieval, water abundance, aerosol composition and 
isotopic ratios). However, the probed region will be limited to the troposphere (be­
low 50 km), and no measurement will be obtained on the winds. This information 
requires the use of in-orbit microwave heterodyne spectroscopy. A first opportunity 
will be provided by the Mars flyby of the Rosetta mission, which will be equipped 
with a microwave spectrometer (MIRO). In the future, such an instrument em-
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barked on an orbiter will be needed to provide a full monitoring of the Martian 
atmospheric parameters. 
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Abstract. Information about the composition of volatiles in the Martian atmosphere and interior 
derives from Viking spacecraft and ground-based measurements, and especially from measurements 
of volatiles trapped in Martian meteorites, which contain several distinct components. One volatile 
component, found in impact glass in some shergottites, gives the most precise measurement to date 
of the composition of Martian atmospheric Ar, Kr, and Xe, and also contains significant amounts 
of atmospheric nitrogen showing elevated 15N/14N. Compared to Viking analyses, the 36 Ar/132Xe 
and 84Kr/132Xe elemental ratios are larger in shergottites, the 129Xe/132Xe ratio is similar, and the 
40 Ar/36 Ar and 36 ArP8 Ar ratios are smaller. The isotopic composition of atmospheric Kr is very simi­
lar to solar Kr, whereas the isotopes of atmospheric Xe have been strongly mass fractionated in favor 
of heavier isotopes. The nakhlites and ALH84001 contain an atmospheric component elementally 
fractionated relative to the recent atmospheric component observed in shergottites. Several Martian 
meteorites also contain one or more Martian interior components that do not show the mass fraction­
ation observed in atmospheric noble gases and nitrogen. The DIH ratio in the atmosphere is strongly 
mass fractionated, but meteorites contain a distinct Martian interior hydrogen component. The iso­
topic composition of Martian atmospheric carbon and oxygen have not been precisely measured, but 
these elements in meteorites appear to show much less variation in isotopic composition, presumably 
in part because of buffering of the atmospheric component by larger condensed reservoirs. However, 
differences in the oxygen isotopic composition between meteorite silicate minerals (on the one hand) 
and water and carbonates indicate a lack of recycling of these volatiles through the interior. Many 
models have been presented to explain the observed isotopic fractionation in Martian atmospheric N, 
H, and noble gases in terms of partial loss of the planetary atmosphere, either very early in Martian 
history, or over extended geological time. The number of variables in these models is large, and we 
cannot be certain of their detailed applicability. Evolutionary data based on the radiogenic isotopes 
(i.e., 40 Ar/36 Ar, 129Xe/132Xe, and 136Xe/132Xe ratios) are potentially important, but meteorite data 
do not yet permit their use in detailed chronologies. The sources of Mars' original volatiles are not 
well defined. Some Martian components require a solar-like isotopic composition, whereas volatiles 
other than the noble gases (C, N, and H20) may have been largely contributed by a carbonaceous (or 
cometary) veneer late in planet formation. Also, carbonaceous material may have been the source of 
moderate amounts of water early in Martian history. 

Chronology and Evolution of Mars 96425-458, 200l. 
© 2001 Kluwer Academic Publishers. 
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1. Introduction 

Very early telescopic observations of Mars revealed polar caps whose waxing and 
waning with the seasons were interpreted as evidence that they were made of 
volatiles condensed from the atmosphere. As late as 1950, by analogy to Earth, 
it was generally assumed that the Martian atmosphere consisted mainly of ni­
trogen and Ar. In 1952, strong absorption bands of CO2 were reported, and for 
two decades this was the only detected component of the Martian atmosphere. As 
early as the 1920s it was estimated that the atmospheric pressure at the Martian 
surface is no more than a few percent that of the Earth's pressure, but for decades 
our knowledge of the actual pressure did not improve. Significant advancement 
of information about Mars and its atmosphere came with the Mariner spacecraft 
flybys in the 1960s and the Viking missions in 1976. Another major advancement 
occurred in the early 1980s with the realization that we had meteorites from Mars 
in our collections, and that these contained Martian volatiles. (See e.g., Kieffer et 
aI., 1992, for a historical discussion of Mars studies.) 

2. Atmospheric Composition 

2.1. VIKING MEASUREMENTS 

The first detailed measurement of the composition of the Martian atmosphere was 
made using mass spectrometers on the two Viking landers (Owen et aI., 1977; 
Nier and McElroy, 1977; Owen, 1992). In addition to consisting of "-'95% CO2 and 
variable amounts of H20, the Martian atmosphere was found to contain 2.7% N2, 
1.6% Ar, 0.13% O2, 2.5 ppm Ne, 0.3 ppm Kr, 0.08 ppm Xe, and trace amounts of 
other chemically reactive species. One of the more interesting observations made 
by Viking was an "-'62% enrichment in the 15N/14N isotopic ratio compared to 
the terrestrial ratio. Such large 15N enrichment implies that considerable amounts 
of N2 have been lost from the planet over time by a mass fractionating process, 
which enriches the atmospheric residue in the heavier isotope. It was estimated that 
approximately 99% of the original atmospheric N2 may have been lost (McElroy 
et ai., 1977). 

The Viking measurements also produced interesting data for the abundances and 
isotopic ratios of noble gases in the Martian atmosphere. Although the atmospheric 
pressure on Mars ("-'6 millibars, depending on elevation) is less than 1 % that of the 
Earth, the relative abundances of Ne, Ar, Kr, and Xe are similar to those in the 
Earth's atmosphere. This abundance pattern is distinct in detail from solar gases 
and noble gases trapped in primitive meteorites (e.g. Pepin, 1991). The specific rea­
son for this similarity in relative noble gas abundances between the Earth and Mars 
is not understood. In addition to elemental abundances, the Viking instruments also 
measured 40 ArP6 Ar ~ 3000 ± 500 and 129Xe/132Xe ~ 2.5 (~i), compared to the 
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TABLE I 

Isotopic Determinations of Some Martian Volatiles. Data listed as "ratio" are as measured. Other 
ratios are given as deviations (% or %0) relative to the standard indicated (terrestrial or solar), 
and values are positive except where noted as negative. The four columns of data represent the 
atmospheric composition as measured by Viking (Owen et ai., 1977; Nier and McElroy, 1977); 
the atmospheric compositions measured in shergottite impact glass; a possible ancient composition 
present in ALH84001; and the Martian interior composition as measured in Chassigny and some 
other SNC meteorites. See text for sources of meteorite data and additional discussion. 

Isotopic Comparison Atmos. Impact- ALH- Interior 

Ratio Standard Viking Glass 84001 SNCs 

36Ar/132Xe ratio 350A 900 ± 100B ~50 ~5 

84Kr/132Xe ratio llA 20.5 ± 1.5B ~6 <1.1 

2H/IH %-terrestrial ~450C ~440D ~78E ~90 

15N/14 N %-terrestrial 62± 16 <50 0.7 -3.0 
2oNep2Ne ratio n.r. ~1O ? 
36ArP8Ar ratio 5.5 ± 1.5 ~3.9 ,,:5 ,,:5.26 
40 Ar/36 Ar ratio 3000 ± 500 ~1800 ~128F ~212 

86 Kr/84 Kr %-solar n.r. ~O ~O ~O 

129Xe/132Xe ratio ~2.5 2.4--2.6 2.16 <1.07 
136Xe/130Xe %-solar n.r. ~27 ~O ~O 

13C/12 C %c-terrestrial 0±50 n.r. ~41 -30/+41 G 

180/16 0 %o-terrestrial 0±50 H H H 

A question mark indicates that the isotopic ratio is unknown. n.r. indicates that the value was not reported: 

A Ar, Kr, and Xe elemental abundances measured by Viking were estimated to be uncertain to ~20%, or ~28% 
in these elemental ratios, assuming uncorrelated errors. 
B Ratios were calculated assuming atmospheric 129Xe/132Xe=2.6 For a minimum atmospheric 129Xe/132Xe 

ratio of 2.4, these elemental ratios would be ~ 770 and ~ 18, respectively. 
C Ground-based spectra measurement 

o The highest 8DIH measured in Martian meteorites, 4358 ± 185%0, was found in Zagami apatite. DIH ratios 
apparently have not been reported for impact glass. 
E Highest 8DIH value reported for ALH84001. 

F Ratio may reflect either interior or ancient atmosphere components (see text). 
G Approximate I3C/12C range measured in SNCs. 

H The 170/160/180 isotopic compositions in Martian meteorite silicates and water differ slightly from each 
other and from the Earth's values, after accounting for effects of mass fractionation produced from chemical 
interactions. 

terrestrial atmospheric values of 296 and 0.98, respectively. Argon-40 and 129Xe 
were formed over time by the radioactive decay of 40K (t 1 /2 = 1.28 Gyr) and 1291 
(t1/2 = 16 Myr), respectively, and their presence in the atmosphere is a measure 
of the extent of degassing of the Martian interior. Viking also measured some 
other isotopic ratios of atmospheric components (e.g., l3C/l2e, 180/160,38 ArP6 Ar) 
and, within relatively large measurement uncertainties, found them to resemble 
terrestrial values (Table I). 
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Figure 1. Values of 815N/14N plotted against 40 Ar/14N ratios for five samples of impact glass from 
the EET79001 and Zagami Martian meteorites and from bulk phases of the Chassigny and Zagami 
meteorites. The data indicate two-component mixing between an interior composition represented by 
Chassigny and the composition measured for the Martian atmosphere by Viking. Data from Owen et 
al. (1977), Becker and Pepin (1984), Marti et al. (1995), and Mathew and Marti (200 I). 

2.2. ATMOSPHERIC VOLATILES IN SNC METEORITES 

A totally unexpected source of information on Martian volatiles appeared in 1983, 
with the recognition that impact-produced melt glass in SNC meteorite, EET79001 
contained significant quantities of Martian atmospheric gases (Bogard and John­
son, 1983; Becker and Pepin, 1984). These gases were shock-incorporated into the 
melt when it formed by meteorite impact on the Martian surface (Bogard et ai., 
1986; Wiens and Pepin, 1988). The presence of Martian atmospheric gases in some 
SNC meteorites, along with their young radiometric ages (Nyquist et ai., 2001) 
and geochemical similarity to Viking analysis of the Martian surface (McSween, 
1985), became strong evidence that all of the SNC meteorites derive from Mars. 
Further, over the past two decades the evidence that SNC meteorites are Martian 
has become broader and more convincing (e.g., Treiman et ai., 2000), and today 
few workers in the field doubt their Martian origin. 

Several laboratories have now measured the isotopic composition of Ne, Ar, Kr, 
and Xe in shock glass from several shergottite meteorites (see references in Bogard 
and Garrison, 1998). In addition, a significantly elevated 15N/14N ratio has been 
measured in shock glass from two shergottites (Wiens, 1988; Marti et ai., 1995; 
Mathewet ai., 1998). As shergottite shock glass can be no older than the <0.2 Gyr 
radiometric age of most shergottites (Nyquist et ai., 2001), and may well be as 
young as the space exposure ages of a few Myr, the gases trapped in impact glass 
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represent the relatively recent Martian atmosphere. For the noble gases, Martian 
meteorite data define the atmospheric composition to a much higher precision than 
do the Viking data. For N2, however, the Martian meteorites apparently do not 
give the pure Martian atmospheric end member measured by Viking, but rather 
appear to show mixing between atmospheric N2 and a second, much less fraction­
ated, trapped interior component. Figure 1 plots the 815N values (deviations of the 
15N/l4N ratio from the terrestrial ratio, in parts per thousand) against the 40 Ar/14N 
ratios for five shock glass samples from the EET79001 and Zagami shergottites, 
where both Nand Ar compositions were measured in the same sample (Becker 
and Pepin, 1984; Marti et ai., 1995). Corrections were applied for cosmogenic 
15N and radiogenic 40 Ar. The data define an apparent two-component mixing trend 
that passes through the Martian atmospheric composition measured by Viking. 
Although the data trend also passes near the terrestrial composition, analyses have 
shown that this second volatile component in Martian meteorites is different in 
composition from the terrestrial component and probably is characteristic of the 
Martian interior. This Martian interior component is better characterized through 
analyses of gases in two other Martian meteorites, Chassigny and ALH8400l. 

These results for nitrogen can be compared to the data on H20 in the SNCs, 
discussed in more detail below. Water in some SNC minerals does appear to carry 
the strongly fractionated hydrogen found in the atmosphere by Earth-based inves­
tigations (Owen et ai., 1988; Krasnopolsky et ai., 1997), while also carrying one 
or more internal components that have not experienced this fractionation (Karlsson 
et ai., 1992; Watson et ai., 1994; Leshin et ai., 1996). 

2.3. AR/KR/XE RELATIVE ELEMENTAL ABUNDANCES AND 129XE/132XE 

Soon after the recognition oftrapped Martian atmospheric gases in shock-produced 
glass of shergottite meteorite EET79001, Ott and Begemann (1985) and Ott (1988) 
reported very different compositions for some noble gas components trapped in 
Martian meteorites Chassigny, Nakhla, and non-glass samples of Shergotty. The 
Ar/KrlXe elemental ratios in Chassigny in particular indicated a very large de­
pletion of the lighter elements, relative to both solar and Martian atmospheric 
compositions. The isotopic composition of Xe in some Chassigny samples, how­
ever, was found to closely resemble the solar composition, including a 129Xe/132Xe 
ratio of ~ 1.03. The composition of trapped noble gases in bulk Shergotty was 
found to be intermediate to those of Chassigny and EET79001 shock-glass. These 
authors also noted that the lower ratio of radiogenic 129Xe to trapped Xe in Chas­
signy and Nakhla, in comparison to trapped atmospheric gas in EET79001 glass, 
was opposite to the situation on Earth, where noble gases in the interior show larger 
129Xe/132Xe compared to the Earth's atmosphere. Ott (1988) interpreted the noble 
gas data for Chassigny, Shergotty, and EET79001 impact glass to be variable mix­
tures of two Martian components, an atmospheric one represented by EET79001 
glass and an interior component represented by gas in Chassigny. 
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It is now apparent that both Martian atmospheric and interior components of 
Ar, Kr, Xe, and N, occur in Martian meteorites, with the atmospheric component 
being dominant in shergottite impact glass (Table I). Figures 2 and 3 illustrate 
these two-component mixtures for noble gases in several Martian meteorites. The 
elemental ratios 36 Ar/132Xe and 84Kr/132Xe are plotted against the J29Xe/132Xe ratio 
because the latter is very different for the atmospheric and interior components and 
can generally be measured with good precision. Some data on a single impact 
glass inclusion, EET79001,27, and data on two Zagami glass inclusions show 
significant scatter on these plots. Although not always given, analytical uncer­
tainties for most elemental abundances are of the order of ± 10% (or '" ± 15 % 
in elemental ratios), and thus do not explain the entire scatter in the data. Part 
of the data scatter is likely caused by the presence of a third component, e.g., 
terrestrial air. (Note that one glass inclusion (EET7900l,54) plots close to the 
terrestrial composition in the lower right of both Figures 2 and 3.) However, recent 
analyses of melt glass from Shergotty, Y-793605, two different melt inclusions of 
EET79001, and shocked portions of ALH77005 give linear mixing relations for 
both the 36 Ar/132Xe and 84Kr/132Xe ratios (Figures 2 and 3; Bogard and Garrison, 
1998). The mixing trend for these shergottites passes through the composition 
measured in Chassigny (Ott, 1988), which contains the interior volatile component, 
but no atmospheric component. These mixing relations define Martian atmospheric 
36 Arl 132 Xe = 900 ± 100 and 84Kr/132Xe = 20.5 ± 2.5, assuming an atmospheric 
129Xe/132Xe ratio of 2.6 ± 0.05 (Bogard and Garrison, 1998). 

Derivation from meteorite data of accurate Ar/Kr/Xe elemental ratios for the 
Martian atmosphere requires knowledge of the recent atmospheric 129Xe/132Xe ra­
tio. Unfortunately, some uncertainty exists in this value. The highest ratio reported 
for an individual temperature extraction of EET79001 impact glass is 2.59 ± 0.03 
(Bogard and Garrison, 1998), and is the basis for the atmospheric value of 2.6 
assumed in deriving elemental ratios above. Other 129Xe/132Xe measurements in 
shergottite glass give somewhat lower maximum values of 2.35-2.43 (Swindle et 
at., 1986; Marti et at., 1995; Mathew et at., 1998). Martian atmospheric Xe present 
in Nakhla has 129Xe/132Xe of 2.35 ± 0.03 (Gilmour et at., 1999; 2001), and the 
maximum ratio measured in ALH84001 is 2.16 (Gilmour et al., 1998; Garrison and 
Bogard, 1998; Mathew and Marti, 2001). It is difficult to envision how 129Xe/132Xe 
in young impact glass might be increased above the atmospheric ratio, but it might 
be lowered by mixing of Martian atmosphere with another component. However, 
if we assume that the atmospheric 129Xe/132Xe ratio is as low as 2.4, the mixing 
trend in Figures 2 and 3 imply that 36 Ar/132Xe ~ 770 and 84Kr/132Xe ~ 18. 

The recent Martian atmospheric composition defined by shergottite glass data 
in Figures 2 and 3 can be compared with the analyses made by Viking (Table I). 
Although the two data sources give the same 129Xe/132Xe ratio, the Viking mea­
surement (2.5, ~i has a large uncertainty. The 36Ari32Xe and 84Krl132Xe elemental 
ratios determined from shergottite data are higher than those measured by Viking 
by factors of 2.5 and 1.8, respectively, if atmospheric 129Xe;J32Xe = 2.6, and higher 
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by factors of 2.2 and 1.6, respectively, if 129Xe/132Xe = 2.4. The differences in 
these elemental ratios from Viking and those derived for shergottites fall outside 
of their combined uncertainties. It seems unlikely that these ratios have changed 
drastically within the last "'-'0.2 Gyr, and the shergottite data probably represent the 
recent Martian atmospheric composition more accurately. The shergottite impact 
glass values for 36 Ar/132Xe and 84Kr/132Xe are within a factor of "'-' 1.5 of the ter­
restrial values and indicate even greater similarity in relative noble gas abundances 
between the two planetary atmospheres than suggested by Viking data. 

Assuming the shergottite glass values of these elemental ratios are correct, this 
requires adjustment of the mixing ratios of noble gases in the Martian atmosphere. 
If we adopt the shergottite elemental ratios derived for the case that 129Xe/132Xe 
= 2.6, adopt the Viking atmospheric mixing ratio for 40 Ar of 1.6%, and assume 
atmospheric 40ArP6Ar ~ 1800 (see later section), we can calculate revised Mar­
tian atmospheric abundances. The Kr abundance becomes 0.36 ppm, or about 20% 
larger than that reported by Viking, and the Xe abundance becomes 0.05 ppm, or 
only 65% of that reported by Viking. The 36 Ar mixing ratio is "'-'9 ppm. Similarly, 
the trapped 20N eP6 Ar ratio of "'-'0.1 in shergottite impact glass reported by Garrison 
and Bogard (1998) implies that the Ne mixing ratio on Mars is only "'-' 1 ppm, a 
value which lies at the lower limit of the value (2.5, ~U ppm) reported by Viking. 
Given the relatively large uncertainties for much of the Viking measurements, these 
revised mixing ratios do not present a discrepancy. 

2.4. FRACTIONATED AND ANCIENT ATMOSPHERIC GASES 

The nakhlites and ALH84001 possess Martian atmospheric noble gases that appear 
to have been fractionated in their elemental 36 ArlXe and KrlXe ratios, compared to 
those in shergottite impact glass. In addition, at least ALH84001 contains trapped N 
and Xe that appear isotopically unfractionated and which may represent a trapped 
ancient Martian atmosphere. 

Ar, Kr, and Xe data for the nakhlites and ALH84001 suggest a two component 
mixing trend, which passes close to the Chassigny point, but which is rotated 
counter-clockwise compared to the mixing trend defined by shergottite data in 
Figures 2 and 3 (Ott, 1988; Drake et ai., 1994; Swindle et ai., 1995; Miura et ai., 
1995; Murty and Mohapatra, 1997; Gilmour et ai., 1998; Bogard and Garrison, 
1998; Mathew et ai., 1998; Gilmour et ai., 2001). Although the data show some 
scatter, they appear to be consistent with mixing of an interior component similar to 
that found in Chassigny with a different type of atmosphere-like component. Swin­
dle et ai. (1995) concluded, based on a lack of a correlation of the 129Xe/132Xe and 
136Xe/132Xe ratios, that a two-component mixture of Martian atmospheric Xe and 
solar-type Xe does not explain bulk ALH84001 data. The maximum 129Xe/132Xe 
ratio in Nakhla, 2.35 ± 0.03, is comparable to that in the glass of shergottites and 
could be largely modern, but might be as old as the 1.3 Gyr formation age of 
Nakhla. (ALH84001 is the only known Martian meteorite older than 1.3 Gyr.) The 
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highest measured 129Xe/132Xe ratio of 2.16 in ALH84001 is outside the range of 
2.35-2.59 observed for the recent Martian atmospheric component in shergottites 
and may represent ancient (i.e., '"'-'4 Gyr; Turner et ai., 1997) trapped atmospheric 
gas. Other isotopic and elemental compositions in ALH84001 are 36 ArP8 Ar :::5.0, 
36 Arl 132 Xe '"'-'50, and 815N = 7%0 (Mathew and Marti, 2001; Table I). 

The elementally fractionated noble gas data of ALH84001 and the nakhlites 
have been interpreted in two ways. The first interpretation is that the noble gas 
composition is an outcome of solubility controlled fractionation during direct in­
corporation of atmospheric gases into Martian weathering products (Drake et ai., 
1994), as commonly occurs with terrestrial rocks (Ozima and Podosek, 1983). A 
second interpretation is that the elemental fractionation may have occurred during 
adsorption of atmospheric gases onto mineral surfaces, followed by shock implan­
tation (Gilmour et ai., 2001). In contrast to Nakhla, ALH84001 silicates do not 
exhibit signs of alteration by liquid water, and elemental fractionation involving 
aqueous alteration is less likely. Using laser probe analyses of individual mineral 
grains, Gilmour et al., (1999; 2001) demonstrated that the major carrier of the at­
mospheric Xe in Nakhla is actually pyroxene, with only a minor proportion being 
present in weathering products. Gilmour et al. (2001) concluded that a Chassigny­
like interior component was present in Nakhla and was concentrated in feldspar. 
These authors argue that differences in gas release between Nakhla and ALH84001 
may relate to differences in shock levels, high in ALH84001 and low in Nakhla, and 
that these are reflected in the corresponding (high and low) release temperatures of 
the atmospheric components for the two meteorites. 

Most workers assume that the shock-implanted atmospheric component in sher­
gottite glass is likely to have been much less elementally fractionated than was the 
component incorporated into the nakhlites and ALH84001 (e.g., see Bogard et aI., 
1986; Drake et aI., 1994). If we assume that the 36 Arl 132 Xe and 84Kr/132Xe ratios 
derived above for the Martian atmosphere are correct, then the average value for 
this atmospheric component in the nakhlites and ALH84001 has been fractionated 
in favor of the heavier species by factors of approximately 15 and 2.6, respec­
tively (Bogard and Garrison, 1998), well outside experimental uncertainties. For 
a 129Xe/132Xe ratio in the Martian atmosphere of <2.6, these fractionation factors 
would be proportionally less. 

2.5. ARGON ISOTOPIC COMPOSITION 

Analyses of shergottite impact glass indicate a lower value for the 40 ArP6 Ar ratio 
of the Martian atmosphere compared to the Viking value of 3000 ± 500. Determi­
nation of this ratio in shergottites is not straightforward because of the presence 
of additional Ar components, including radiogenic 40 Ar from in situ decay of 40K, 

cosmogenic 36 Ar, trapped Martian interior Ar, and sample contamination by terres­
trial Ar. For example, using literature data and specific values for formation ages 
and space exposure ages for several Martian meteorites, Terribilini et al. (1998) 
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corrected total 40 Ar for in situ decay of 40K and corrected total 36 Ar for cosmo­
genic 36 Ar in order to derive trapped 40 ArP6 Ar ratios. These 40 ArP6 Ar ratios varied 
widely, from '"'-'200 to '"'-' 1900, indicating more than one trapped Ar component. 

Two lines of evidence indicate that the 40 ArP6 Ar ratio for trapped Martian 
atmosphere in shergottites actually lies in the range 1600-1900. First, a plot of 
40 ArP6 Ar against 129Xe/132Xe for various shergottite samples shows two compo­
nent mixing between Martian atmospheric and interior components (Garrison and 
Bogard, 1998 and references therein). For values of 129Xe/132Xe approaching the 
maximum measured value of 2.59, the 40 ArP6 Ar ratios approach an upper limit 
of '"'-' 1900. The second line of evidence for a lower atmospheric 40 ArP6 Ar than 
the Viking measurement comes from shergottite samples neutron-irradiated for 
39 Ar-40 Ar dating (Bogard and Garrison, 1999). Higher temperature extractions of 
shergottites EET79001 and ALH77005 each released '"'-'61 % of the total Ar and, 
when plotted on a modified isochron plot of 36 Ar/40 Ar versus 39 Ar/40 Ar, defined 
intercepts on the 36 Ar/40 Ar axis of 40 ArP6 Ar = 1735 ± 85 and 1760 ± 100, respec­
tively. Because the abundance of trapped 40 Ar greatly dominates over radiogenic 
40 Ar in these two samples, only a very short extrapolation of the mixing trend 
from the data to the 36 Ar/40 Ar axis is required. In addition, most extractions of a 
sample of Shergotty define a linear trend giving a 39 Ar_40 Ar age of "-' 167 Myr and 
a 40 ArP6 Ar trapped ratio of '"'-' 1780. Lower temperature extractions of shergottites 
suggest release of terrestrial atmospheric Ar and possibly some Martian interior 
Ar. For this reason, the largest measured trapped 40 ArP6 Ar ratios in these samples 
are considered to better represent the Martian atmospheric value. Although the 
atmospheric 40 ArP6 Ar ratio may change with time, it is unlikely that this ratio 
evolved from "-' 1800 to the Viking value of "-'3000 over the past 0.2 Gyr. Thus, we 
conclude that an atmospheric 4oArJ36Ar ratio of 1800 ± 100 probably represents 
the present Martian atmosphere. 

Attempts have also been made to measure the 40 ArP6 Ar ratio of the Martian 
interior component. The shergottite analyses by Bogard and Garrison (1999) sug­
gest that this component is released at intermediate extraction temperatures and 
has a 40 ArP6 Ar ratio of <500. For EET79001 glass, Wiens (1988) estimated the 
interior 40 ArP6 Ar at 430-680. The 40 ArP6 Ar ratios in the high temperature releases 
of Chassigny suggest interior 40 ArP6 Ar is <206; the lowest 40 ArP6 Ar ratio in 
ALH84001 is 128, observed at the highest release temperature (Mathew and Marti, 
2001), and may indicate a much lower value for this atmospheric ratio early in 
Martian history. However, partitioning of atmospheric and interior Ar components 
in ALH84001 is not well constrained, and this low ratio may also reflect an interior 
Ar component. Because 40 Ar and 36 Ar in the interior have completely different 
sources (radiogenic and primordial, respectively), the two isotopes evolved sepa­
rately over time and probably are heterogeneously distributed within Mars. Thus 
the interior 40 ArP6 Ar ratio probably is not the same everywhere. 

In addition to an '"'-'62% enrichment in the 15N/14N ratio, the isotopic compo­
sitions of Ar, Xe and H also show significant isotopic fractionation due to atmo-
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spheric loss. Even in the earliest analyses of impact glass in EET7900l, several 
investigations noted the presence of trapped Ar with a 36 Ari8 Ar ratio considerably 
less than the terrestrial value of 5.32. Wiens et al. (1986) deduced a Martian 
atmospheric ratio of 4.1. Swindle et al. (1986) derived a value of 3.60 ± 0.44. 
Bogard (1997) considered all shergottite data available up to that time and con­
cluded that the ratio is less than 3.9. Deriving a precise value for Martian atmo­
spheric 36 ArP8 Ar is made difficult because of the presence of significant amounts 
of Ar produced by cosmic ray reactions during space exposure of Martian mete­
orites. The most accurate determinations derive from the EET79001 impact glass. 
(EET79001 has a relatively low exposure age of "-'0.6 Myr.) Such a low 36 ArP8 Ar 
as that indicated for the Martian atmosphere is unique in the solar system (except 
for minor components produced by cosmic ray interactions). In contrast, Chassigny 
contains a trapped Martian interior component for which the 36 ArP8 Ar ratio is 
:::5.26 (Mathew and Marti, 2001). For comparison, this ratio is 5.32 in the Earth's 
atmosphere and "-'5.7 in the solar wind (Pepin et al., 1995). 

2.6. XENON ISOTOPIC COMPOSITION 

The Viking Xe analyses had large uncertainties, and only the 129Xe/132Xe ratio 
was reported. Trapped Martian atmosphere in shergottite glass yields much more 
accurate isotopic data. The Xe composition of EET79001 impact glass (Swindle 
et al., 1986) precisely agrees with shergottite glass data given by Mathew et al. 
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(1998). An informative way to consider this Xe composition is to compare it to Xe 
in other major volatile reservoirs and to assess the possibility that the Martian atmo­
spheric composition was derived from one of these other reservoirs. Figure 4 plots 
the EET79001 Xe isotopic composition normalized to the solar wind composition 
(Pepin et ai., 1995) and to 130Xe. In Figure 4 the solar composition is represented 
by the horizontal line and the difference between the Martian atmosphere and solar 
composition for a given iXe/130Xe isotopic ratio is proportional to the separation 
from the horizontal line. The isotopic compositions of Xe in the Earth's atmo­
sphere and in primitive chondri tic meteorites (Pepin, 1991) are also plotted relative 
to solar Xe. It is obvious that the isotopic composition of Martian atmospheric 
Xe, as represented by EET79001 impact glass, closely resembles the terrestrial 
composition, the only appreciable difference being for 136Xe, which includes a 
fission component. (In discussing the Xe isotopic composition here we ignore 
129Xe, which contains a major component from decay of extinct 129I.) Martian 
atmospheric Xe clearly differs from the solar and chondri tic Xe compositions. 

A characteristic of this type of isotope plot is that, for small mass intervals, 
derivation of one Xe component from a second Xe component by mass fractiona­
tion will cause the second composition to rotate about the first while maintaining 
an approximately linear relationship. Swindle et al. (1986) normalized their Mar­
tian Xe composition to chondritic Xe. Except for masses 126 and 128, Xe in 
EET79001 glass was generally consistent with derivation from chondritic Xe by 
mass fractionation, where the Martian 136Xe/130Xe ratio was enriched by '" 15%. 
However, Martian atmospheric Xe also closely resembles mass fractionated solar 
Xe (Swindle and Jones, 1997; Mathew et al., 1998), as indicated by the dashed 
line in Figure 4. Using an initial solar composition, Mathew et al. (1998) derived a 
linear mass fractionation of 37%0 (3.7%) per amu, or twice as much as required for 
an initial chondri tic composition. It is obvious that if the starting Xe composition 
for the Martian atmosphere resembled either solar or chondritic Xe, it has been 
strongly mass fractionated in favor of heavier isotopes. 

In addition to the presence in the Martian atmosphere of excess 129Xe from 
1291 decay, one might also expect 131-136Xe from the fission of 235, 238U and extinct 
244pu (t1 /2 = 82 Myr). Fission Xe apparently is present in the Earth's atmosphere 
(Ozima and Podosek, 1983; Porcelli and Wasserburg, 1995). Swindle and Jones 
(1997) argue that a chondritic initial Xe composition also implies an unreasonable 
fractionation of I from Pu+U in the interior of Mars in order to generate signif­
icant quantities of excess radiogenic 129Xe in the Martian atmosphere, but little 
fission Xe. These authors suggest that the starting composition for the fractionated 
Martian atmosphere was solar Xe, which permits a somewhat higher concentration 
level of fission Xe in the current atmosphere. In addition, Mathew et al. (1998) 
present stepwise temperature data for Xe in shergottites that are consistent with 
mass fractionated solar Xe plus small additions of fission Xe. In further support of 
a solar Xe starting composition is the observation of Xe with a solar composition 
trapped in the Chassigny meteorite and solar Kr in the present atmosphere (see 
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Figure 5. Isotopic composition of Kr in two samples of EET79001 impact glass (S,C,M=Swindle 
et al., 1986; G&B=Garrison and Bogard, 1998, plotted normalized to the solar Kr composition K-l 
(Pepin et al., 1995) and mass 84. Also shown are the Kr compositions for the Earth and primitive 
chondrites (Pepin, 1991), also normalized to solar Kr and mass 84. The two dashed lines show mass 
fractionation trends (relative to solar K-I) for chondri tic Kr and the maximum mass fractionation for 
Martian atmospheric Kr. 

discussion below). If the dashed mass fractionation line of Martian Xe relative to 
solar Xe in Figure 4 had a somewhat lesser slope, it would agree better with the 
light Xe isotopic data of EET7900 1 and would permit small excesses of fission Xe 
at masses 132-136. In this case the 136Xe/130Xe mass fractionation relative to solar 
would be '"'-'20%. It is not yet possible to model completely unambiguously those 
specific processes and starting compositions that have created the present Martian 
atmosphere, although a solar-like starting composition seems likely. 

2.7. KRYPTON ISOTOPIC COMPOSITION 

The isotopic composition of Kr in the Martian atmosphere, as measured in shergot­
tite impact glass, presents some intriguing contrasts with the evidence for strong 
mass fractionation of Ar and Xe. Figure 5 plots the isotopic composition of Kr mea­
sured in two glass inclusions of EET7900 1, normalized to mass 84 and to the K-l 
solar Kr composition derived by Pepin et al. (1995) from analyses of solar gases 
in lunar fines. The normalized compositions of Kr in the terrestrial atmosphere 
and in primitive chondritic meteorites are also shown (Pepin, 1991). The plotted 
data of Swindle et al. (1986) were summed over seven temperature extractions of 
impact glass EET79001,27. The plotted data of Garrison and Bogard (1998) are 
the 1550°C extraction of impact glass EET7900l,8A, which released 78% of the 
total Kr in this sample. Garrison and Bogard (1998) suggested that the Kr released 
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at lower extraction temperatures from both samples contained terrestrial Kr con­
tamination, which would cause rotation of the measured shergottite composition 
counter-clockwise toward the terrestrial data (compare Figure 5). An average Kr 
composition derived from three high temperature extractions from Swindle et al. 
(1986) and three high temperature extractions from two different EET79001 glass 
inclusions from Garrison and Bogard (1998) is similar to the 1550°C composition 
of EET79001,8A plotted in Figure 5. 

From Figure 5 it is obvious that both the chondritic and terrestrial Kr compo­
sitions appear mass fractionated in favor of heavier isotopes relative to solar Kr, 
except for a small excess in chondritic 86Kr (which may be affected by fission 
products). Swindle et aZ. (1986) originally normalized both their Kr and Xe data 
for EET79001 impact glass to the chondritic composition. A chondritic normal­
ization would imply that Martian atmospheric Kr is mass fractionated in favor of 
lighter isotopes by almost 1 %/amu. This is opposite to the apparent enrichment 
of heavier isotopes of Xe when normalized to a chondritic composition and to the 
observed enrichment of 38 Ar over 36 Ar. Clearly such opposite mass fractionation 
for Kr cannot be produced by the process that produced Xe and Ar fractionation. 
This, along with the evidence for solar Xe inside Mars (discussed below), suggests 
that the Martian Kr composition is more appropriately compared to solar Kr, as is 
done in Figure 5. 

Analyses of Kr in EET79001 impact glass indicate that a small excess exists 
at mass 80 (and possibly mass 82) relative to the fractionation trend defined by 
either a chondritic or solar normalization (Becker and Pepin, 1984; Swindle et 
al., 1986; Garrison and Bogard, 1998). This excess 80Kr is probably caused by 
neutron-capture by 79Br at the Martian surface, where the neutrons are produced 
from cosmic ray interactions. 

Pepin (1991) noted that the Kr composition reported by Swindle et al. (1986) 
and the K-1 solar composition are essentially identical (when a neutron-capture 
component has been removed) and concluded that Martian atmospheric Kr is un­
fractionated solar Kr. On the other hand, if the Kr composition given by Bogard and 
Garrison (1998) is used to represent the Martian atmosphere, then Martian atmo­
spheric Kr appears to be mass fractionated relative to K-1 solar Kr by "-'0.5% per 
mass unit in favor of lighter isotopes. A possible explanation of this fractionation is 
that the composition of solar Kr is not precisely defined. Different lunar and mete­
orite samples containing solar Kr show variations of as much as "-'2% at individual 
masses (Pepin et aZ., 1995), and Pepin (1991) considered a possible uncertainty 
in the solar Kr composition of "-'0.5%/mass. We tend to reject the occurrence of 
isotopic fractionation during gas implantation into the impact melt, because labo­
ratory experiments do not suggest isotopic fractionation during shock implantation 
(Bogard et al., 1986). It is possible, however, that solar wind Kr implanted into 
lunar and meteorite samples has been slightly mass fractionated relative to solar 
Kr initially acquired by Mars. Thus, we conclude that within present uncertainties, 
the isotopic compositions of Martian atmospheric Kr and solar Kr do not differ. 



MARTIAN VOLATILES: ISOTOPIC COMPOSITION, ORIGIN, AND EVOLUTION 439 

2,8, NEON ISOTOPIC COMPOSITION 

Viking reported only 2.5 (~~:~) ppm Ne in the Martian atmosphere and was unable 
to measure its isotopic composition (Owen et ai., 1977). (We noted above that the 
shergottite glass data suggest only"'" 1 ppm Ne.) Given the large mass fraction­
ation observed in DIH, 15N/14N, and 36 ArP8 Ar, one would expect the 2oNep2Ne 
ratio also to be strongly mass fractionated. Neon compositions measured in impact 
glass of shergottites are ambiguous on this point, however. Garrison and Bogard 
(1998) plotted 2oNep2Ne ratios against 21Nep2Ne ratios for stepwise temperature 
extractions of impact glasses from three shergottites as measured in three differ­
ent laboratories. In general, the data indicate a two-component mixture between 
cosmogenic Ne and a trapped component, but the data show significant scatter. 
Scatter in the cosmogenic composition exists because of the possible presence of 
Ne produced by energetic solar protons and because different Na/Mg concentration 
ratios in some samples produced different cosmogenic 21Nep2Ne ratios. It is not 
clear why apparent variations exist in the 2oNep2Ne ratio of the trapped component. 
Most data suggest a trapped ratio somewhat similar to the terrestrial ratio of 9.8, 
but some data are consistent with lower values. The trapped component tends to 
be released at lower extraction temperatures, and part of this release may consist 
of terrestrial Ne contamination in the samples. The degree of mass fractionation 
of 2oNep2Ne in the Martian atmosphere, if any, is thus poorly constrained. If solar 
Ne with 2oNep2Ne :::: l3 were the starting composition, significant fractionation is 
suggested. However, if chondritic-like Ne with 2oNep2Ne ~ 8.2 were the starting 
composition, no significant fractionation is indicated. 

3. Interior Nitrogen and Noble Gas Components 

As pointed out above, the Chassigny meteorite contains primarily a Martian inte­
rior component that is very different in composition from the Martian atmospheric 
component. Derivation of the composition of this interior component is more diffi­
cult compared to the atmospheric component, and the interior composition reported 
in Table I has been deduced from several meteorite sources. In comparisons of 
relative abundances of trapped Ar, Kr, and Xe and the 129XeJ132Xe and 15N/14N 
isotopic ratios, the shergottites apparently contain variable mixtures of the Martian 
atmospheric component and the Martian interior component, (Figures 2 and 3). 
Some samples also contain varying amounts of terrestrial noble gas contamination. 
Noble gases from shergottites EET7900l, Shergotty, Zagami, ALH7700S, Yamato-
793605, LEW-88Sl6, DaG-476, Los Angeles, Dhofar-019, and Sayh al Uhaymir-
005 are consistent with variable mixtures of these three gas components (Zipfel et 
ai., 2000; Shukolyukow et al., 2000; Garrison and Bogard, 2000; Mohapatra and 
Ott, 2000; earlier data references in Bogard and Garrison, 1998). Analyses of some 
of these shergottites indicate the presence of the Martian interior component, but 
little of the Martian atmospheric component. 
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Recent investigations of Xe isotopes released at different temperatures show 
substantial variations and indicate that the Martian interior gas component actually 
consists of two or more components (Mathew and Marti, 2001). The Chass-S (So­
lar) gases in Chassigny (Mathew and Marti, 2001) represent an elementally heavily 
fractionated reservoir. These authors noted that a second composition, Chass-E 
(Evolved), can be related to Chass-S by addition of 244pU fission Xe component. 
However, the Chass-E xenon defines a uniform trapped signature and implies that 
the fission Xe component was well mixed with the solar Xe component at the time 
of incorporation and that in-situ decay of 244pU can be ruled out. Therefore, both 
Chass-S and Chass-E represent interior reservoirs of Mars and both are charac­
terized by low 129Xe/132Xe ratios « 1.07). The 36 Ar/132Xe and 84Kr/132Xe ratios 
associated with Chass-S and Chass-E are constrained to be, < 5 and < 1.1, and 
> 130 and> 1.8, respectively. The amount of 244Pu_Xe that needs to be added to 
Chass-S to generate Chass-E is 8.4% of the total 136Xe in Chassigny. The implied 
244PUP38U ratio at the time of system closure is 0.002. It is not clear why Chassigny 
contains Xe with a solar-like composition while showing such strong fractionation 
in Ar/KrlXe elemental abundances. 

The bulk Chassigny data of Mathew and Marti (200 I) show light N isotopic 
signatures in the :::::300°C extractions (8 15N ::::: -21%0). The heaviest signature 
these authors observed in the low-temperature range is 815N= +15%0 at 400°C. 
Interestingly, the N signatures observed in the intermediate temperature steps of 
ALH84001 and Chassigny are rather similar. Further, the light N is enriched in 
Chassigny olivine inclusions, and the signature of the light nitrogen (8 15N= -30%0) 
observed in the olivine is consistent with light N measured in ALH8400 1. This light 
nitrogen signature apparently represents the primitive interior nitrogen reservoir, 
which did not exchange with the evolving atmospheric nitrogen. 

4. Isotopes of 0, C, H, and S 

On Earth, all waters and almost all rocks have oxygen isotopic compositions that lie 
on a single fractionation line in a three-isotope graph of 8170 versus 8180. (Here the 
8 notation indicates deviation in the 170/160 and 180/160 ratios in parts per thou­
sand relative to standard mean ocean water, SMOW.) The known exceptions are 
some sulfate rocks with a 17 O-excess ultimately derived from atmospheric ozone, 
which has a large isotopic anomaly (Thiemens et al., 1995). The observation de­
rived from Martian meteorites that carbonates and hydroxyl minerals have oxygen 
isotopic compositions displaced from the principal fractionation line defined by 
silicates implies the existence on Mars of volatile reservoirs (e.g., atmosphere and 
hydrosphere) that are not isotopically buffered by the major rock reservoir. Thus, 
the terrestrial model of recycling of water and carbon dioxide through the rocky in­
terior is not applicable to Mars. The isotopic composition of oxygen (and probably 
hydrogen and carbon) must be dominated by sources and/or processes outside the 
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rock reservoir. These include: (1) continued or late addition of cometary volatiles to 
the atmosphere (Owen and Bar-Nun, 1995a), (2) anomalous isotopic fractionation 
during escape of gases from the atmosphere (Jakosky, 1993), or (3) photochem­
ical processes analogous to those occurring today in the terrestrial stratosphere 
(Thiemens et aI., 1995). 

Most carbonates in SNC meteorites have 8180 values of +20 to +40%0, which 
are much higher than the average 8180 of +4 to +5%0 for the silicate minerals. 
Clayton and Mayeda (1984) attempted to account for this large difference by pos­
tulating high-temperature planetary outgassing of both CO2 and H20, followed 
by low-temperature re-equilibration of the volatiles with one another, leading to 
180-enrichment in the CO2• This mechanism is inconsistent with the more recent 
observations that oxygen in carbonates and hydroxyl minerals does not lie on the 
rock fractionation line (Karlsson et al., 1992; Farquhar et al., 1998). 

The oxygen isotopic compositions of carbonates in ALH 84001 are quite re­
markable, ranging from -5%0 to +30%0 over distances of <1 mm (Leshin et al., 
1998; Saxton et aI., 1998; Holland et aI., 2000). Various scenarios have been 
proposed to account for the isotopic zoning, including temperature variations and 
precipitation in closed or open systems. Ion microprobe measurements, with good 
spatial resolution, show that the first-formed carbonates have low 8180, and later­
formed carbonates have progressively higher 8180. This behavior suggests precip­
itation in a closed system from a CO2-rich fluid, in a Rayleigh process (Romanek 
et aI., 1994; Leshin et aI., 1998). As noted by Leshin et al. (1998), the pro­
gressive increase in 813C of the carbonates in ALH 84001 requires temperatures 
above 200°C. On the basis of the preservation of large gradients in chemical and 
isotopic compositions, Valley et al. (1997) estimate an upper limit of about 300°C 
for carbonate formation (see also Kent et aI., 2001). 

Carbon isotopes may provide some clues as to the Martian behavior of this 
important element. The visible inventory of carbon on Mars is only 10-3 of that on 
Earth or Venus. No evidence has been found by instrumented spacecraft for car­
bonate rocks at the surface. The 13C/12C ratio measured by Viking in atmospheric 
CO2 resembled the typical terrestrial value, but the measurement uncertainties were 
very large (Owen et aI., 1977). The 13C/12C ratio measured in Martian meteorites 
gives a relatively wide range of "-7.5%, but the reasons for these variations are not 
well understood. 

Hydrogen isotopes also show a large difference in abundances between an in­
ternal reservoir and the atmosphere/hydrosphere. Minerals from SNC meteorites 
appear to contain a mixture of a mantle-derived component with 8D "-+900%0 
(Watson et aI., 1994; Leshin, 2000 and an atmosphere-derived component with 
8D "-+4500, as measured directly in the Martian atmosphere (Owen et al., 1988; 
Krasnopolskyet aI., 1997). The large deuterium enrichment in the atmosphere is 
attributed to isotopic fractionation due to Jeans escape of hydrogen (Owen et al., 
1988; Yung et al., 1988; Jakosky and Jones, 1997). The two-fold enrichment of 
DIH in the interior, relative to the terrestrial mean, may also be due to an early loss 
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of hydrogen, or may result from accretion of deuterium-rich material, as is found 
in comets (Owen, 1997; Owen and Bar-Nun, 2000; Leshin, 2000) and in organic 
matter of carbonaceous chondrites (Robert and Epstein, 1982). In both cases, the 
deuterium enrichment probably resulted from low-temperature ion-molecule reac­
tions in the interstellar cloud preceding formation of the solar system (Geiss and 
Reeves, 1981; Meier and Owen, 1999). 

Sulfur plays several important roles in the geochemistry of Mars. As a moder­
ately volatile element, it is probably depleted in the bulk chemical composition of 
the planet relative to chondritic or solar abundances. As in the case of potassium 
(Humayun and Clayton, 1995), planetary accretion processes seem to have brought 
about elemental depletions of sulfur by perhaps a factor of 5-10, without con­
comitant stable isotope fractionation. The planetary abundance of sulfur in Mars 
is unknown, and a major fraction of it may be in the core (Schubert and Spohn, 
1990). On the Martian surface, chlorine and sulfur are much more abundant in soils 
and dust than in the underlying rocks (Rieder et a!., 1997), implying an origin by 
volcanism, some chemical transformation in the atmosphere, and eolian or aqueous 
deposition. Sulfur isotope measurements on returned Martian samples should have 
high priority. 

On Earth, sulfur isotope fractionation in igneous processes produces a range of 
834S of a few permil (Ohmoto, 1986), with the average of mantle-derived samples 
being indistinguishable from the Canyon Diablo meteorite standard. Much larger 
variations are found in crustal rocks, which have experienced low-temperature pro­
cessing and oxidation-reduction chemistry. These low-temperature processes are 
commonly facilitated by biological systems; hence, large sulfur isotope variations 
are sometimes used to implicate biological processes in geological environments. 
A simple counter-example shows that this is not an infallible tool: sulfur isotopes 
are strongly fractionated in lunar soils due to micrometeorite bombardment and 
consequent vapor loss (Clayton et a!., 1974, and references therein). Sulfur isotope 
studies of SNC meteorites have had two goals: (1) a search for evidence ofbiolog­
ical processes, and (2) a search for evidence of atmospheric chemical processes. 
Shearer et a!. (1996) and Greenwood et ai. (1997) used ion microprobe techniques 
to study sulfides in ALH 84001 and found a modest range of 834S, from +2.0 to 
+7.3%0. The range found for shergottites was -1.9 to +2.7%0. These values are all 
compatible with origins in igneous and hydrothermal processes, and show no large 
effects such as are seen on Earth in bacterial processes. 

On Earth, atmospheric oxidation of volcanic sulfur-bearing gases may lead to 
non-mass-dependent isotopic fractionation, which manifests itself as excesses or 
deficiencies of 170 and/or 33S in the sulfate products (Bao et ai., 2000; Farquhar 
et ai., 2000a). Farquhar et a!. (2000b) analyzed sulfides and sulfates from three 
shergottites and two nakhlites, and found small 33S deficits in two samples of 
Nakhla, whereas all other samples showed no non-mass-dependent effects. The 
mass-dependent variations in 834S ranged from -5 to +5%0 with both ends of this 
range representing sulfates. Thus the isotopic signature of Martian atmospheric 
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chemistry in SNC meteorites is very subtle. A measurement of a returned soil or 
dust sample should be much more informative. 

s. Models for Atmospheric Evolution and Mass Fractionation 

A common assumption made about the Martian and terrestrial atmospheres is 
that the volatiles initially derived from some major reservoir, such as the solar 
nebula or gases modified during early planetary formation and now present in 
primitive meteorites and comets. The early planetary atmosphere was then mod­
ified by fractionation loss processes and addition of specific components, such 
as those produced by radioactive decay. In detail, however, the specific sources 
of these volatiles and the processes that have modified them are not well known. 
As discussed earlier, we see evidence of appreciable mass fractionation of several 
volatile species in the Martian atmosphere, with accompanying enrichment of the 
heavier isotopes. Other elements (e.g., C, 0, and S) are apparently buffered by 
surface reservoirs, and isotopic enrichment is unlikely to exceed several percent. 
For Kr and Xe, which should not be buffered by a surface reservoir, Kr appears 
not to be mass fractionated, whereas Xe is strongly fractionated. This observation 
is an important constraint on models of how isotopic mass fractionation of atmo­
spheric species occurred. In this section we briefly discuss some models that have 
been presented to explain isotopic fractionation of the Martian atmosphere. Time 
evolution of the Martian atmosphere through degassing of radiogenic components 
is discussed in a later section. 

5.1. Loss OF NITROGEN AND NOBLE GASES 

Escape from a planetary gravity field often depends on the mass of an atmospheric 
species. Lighter species have greater velocities and higher scale heights, which 
gives them larger relative concentrations in the upper atmosphere compared to 
heavier species. Giant impacts late in the formation of Mars have been postulated 
to remove part of the early atmosphere (Melosh and Vickery, 1989; Benz and 
Cameron, 1990; Ahrens, 1990; Pepin, 1997), but such a process alone would not 
likely produce significant mass fractionation. Noble gases in the atmospheres of 
the terrestrial planets might have been mass fractionated during thermal escape 
from smaller planetesimals, which later accreted to form these planets (Donahue, 
1986). Hunten et al. (1987) presented a model involving hydrodynamic escape of 
a massive hydrogen atmosphere very early in the history of the terrestrial plan­
ets. In this model, the mass outflow of hydrogen from the planetary atmosphere 
was sufficiently large that it entrained heavier species and isotopically fraction­
ated them in the loss process. On early Mars a hydrogen atmosphere may have 
been produced by dissociation of abundant water through intense bombardment by 
energetic radiation from the early sun. 
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Because of its relatively large atomic mass, Xe is the species least easily lost 
from the Martian atmosphere. Pepin (1991) proposed that the hydrodynamic escape 
of an early hydrogen atmosphere on Mars caused loss of almost the entire initial 
inventory of atmospheric species. Part of the Xe remained and was strongly mass 
fractionated. Pepin (1991) proposed that most ofthe present atmospheric inventory 
for species lighter than Xe was added by planetary degassing during the latter 
stages of this process, and that a lesser degree of hydrodynamic fractionation of 
these volatiles could produce the isotopic fractionations observed in Ne and Ar. 
Later, Pepin (1994) described a more complex atmospheric evolution model that 
considered loss by hydrodynamic escape, ion sputtering, photochemical dissocia­
tion, impact erosion, and carbonate formation. Because addition of Xe with other 
gases could mask the isotopically fractionated Xe in the atmosphere, the model 
suggested that a large fraction of the Xe in the interior of Mars was retained in the 
core and not degassed with other species. However, no experimental evidence for 
Xe solubility suggests that this is likely. 

To explain the similar, non-chondritic ratios of 36 Ar/84Kr/132Xe, but very differ­
ent total pressures observed in the atmospheres of Mars and Earth today requires a 
non-fractionating process to deplete the Martian atmosphere. Owen and Bar-Nun 
(1995a; 1995b; 2000) suggested that the heavy noble gases were delivered by icy 
planetesimals similar to the comets observed today. This model is supported by 
laboratory studies of the composition of noble gases trapped in amorphous ice 
forming at temperatures near 50 K, a reasonable value for the formation tem­
perature of comets in the solar nebula between Uranus and Neptune. Owen and 
Bar-Nun pointed out that a simple mixing line drawn through the e6 Ar/132Xe, 
84Kr/132Xe) points for the SNC data passes through the Earth's atmosphere point 
and the 50 K icy planetesimal point. This model gives a value of "-'75 mb for the 
post-bombardment atmospheric pressure on Mars, with a total volatile inventory of 
at least 7.5 bars of CO2 and a 750 m deep layer of water over the planet. The model 
explains the striking similarity in isotopic composition of Martian and terrestrial 
xenon by postulating that the xenon trapped in comets exhibits the same fraction­
ation from solar xenon that we find in the two atmospheres. However, there is no 
model yet for how this fractionation occurred (Notesco et al., 1999). Furthermore, 
we have no measurements of noble gases in comets, although that should change 
in the next decade as a result of the CONTOUR and Rosetta missions. 

In order to explain the Viking discovery that the 15N/14N ratio in the Martian 
atmosphere is enriched by "-'62%, McElroy et al. (1976) and McElroy et al. (1977) 
proposed that solar-induced photochemical reactions produce energetic electrons 
that dissociate the nitrogen molecule. This results in loss of atomic nitrogen over 
time, with a planetary enrichment of the heavier isotope. The authors proposed 
that approximately 99% of the original atmospheric N2 inventory on Mars may 
have been lost. Nitrogen escape from Mars has been reconsidered by a number 
of authors, most recently by Fox (1997) and Fox and Hac (1997). Considering all 
possible pathways, Fox and Hac (1997) conclude that without an early, dense CO2 



MARTIAN VOLATILES: ISOTOPIC COMPOSITION, ORIGIN, AND EVOLUTION 445 

atmosphere on Mars, the enrichment of 15N would be even larger than the value 
of 1.6 observed today. This model is specific for nitrogen and gives initial surface 
pressures of "-114-500 mb and N2 column abundances 4-6 times the present value 
(Fox and Hac, 1997). Uncertainties in the reaction rates for the production of odd 
nitrogen species in the Martian atmosphere remain a major factor in limiting the 
precision of these calculations, in addition to uncertainties in the amount of ni­
trogen being added to the atmosphere through volcanic outgassing and cometary 
bombardment. The present 15N/14N value on Mars may therefore be accepted as an 
additional indicator of a dense, early atmosphere, even though the required increase 
in nitrogen by itself would not produce such an atmosphere. Unfortunately, the 
models considered to date have treated N2 and CO2 as independent gases whose 
initial abundances can be varied at will. It seems more appropriate to use a ratio 
in the range of CO2/N2= 20 ± 10, encompassing the values in the atmosphere of 
Venus and the Earth's volatile reservoir (Owen and Bar-Nun, 1995a). 

J akosky et ai. (1994) considered the role of atmospheric sputtering after the 
early period of heavy bombardment in removing Ar and Ne and the combined role 
of sputtering and photochemical mechanisms in the removal of N2. Sputtering is 
defined as ionization of species in the upper atmosphere, their acceleration by local 
magnetic fields, and subsequent collisions with other atmospheric species, result­
ing in sufficient momentum transfer that atoms and molecules escape the planet. 
Because this loss model alone does not explain the current abundances, the authors 
also invoked selective planetary degassing. Whether or not the isotopic composi­
tions of Ar and Ne changed with time over the past "-3.8 Gyr depends to some 
extent on any assumed changes in CO2 pressure. In a more detailed application of 
the basic model to Ar, Hutchins and Jakosky (1996) estimated that 85-95% of the 
36 Ar and 70-88% of the 40 Ar has been lost from the atmosphere. Nitrogen loss in 
the basic model was "-99%, but adding more complexity to the model implies even 
greater amounts of N2 loss and an initial pressure of 60 mbar or higher. Jakosky et 
ai. (1994) conclude that a very early period of hydrodynamic escape of hydrogen is 
not required to produce the fractionated N, Ar, and Ne composition in the present 
Martian atmosphere, although this hydrodynamic mechanism is apparently still 
required to explain Xe fractionation. Kr and Xe are too heavy to escape through 
the sputtering mechanism. 

5.2. SPACECRAFT OBSERVATIONS 

Spacecraft studies at Mars indicate that sputtering by itself was probably not re­
sponsible for the loss of an early dense atmosphere. Measurements by the ASPERA 
experiment on the PHOBOS mission suggest an 0+ outflow of about 2 x 1025 ions/s 
(1.4 x 107 ions cm-2 S-I), leading to a total ion escape rate of the order of 1 kg/s 
(Lundin et ai., 1989, 1990; Zakharov, 1992). This rate would lead to the loss of the 
present atmosphere in about 109 years. Lammer and Bauer (1991) and Fox (1993) 
have shown that the 0 escape flux generated by dissociative recombination is 3-
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6x 106 cm-2 S-I. Luhmann et al. (1992) considered the loss of gases by sputtering 
caused by re-entering 0+ ions. Estimates of 0 escape from this process range from 
4 x 105 cm-2 S-1 (Zhang et al., 1993) to 3 x 106 cm-2 S-1 (Kass and Yung, 1995). 
Luhmann (1997) has argued that loss of oxygen caused by oxygen pick-up ions 
will dominate the loss from dissociative recombination over reasonable changes in 
the solar EUV flux. 

Fox (1997) has modeled the escape fluxes of 11 ions on Mars, establishing the 
limits imposed by ionospheric production. She found that ot dominated 0+ and 
that "if ions are being swept away at or near their maximum rates, the loss rates in­
ferred are of the same order as or larger than many other non- thermal mechanisms 
and should be accounted for in models of the history of Martian volatiles". The 
upper limit to the total escape flux from these calculations is 4.4-14.2x 1025 S-I, 

about 4 times higher than the value measured by ASPERA. Yet Fox's upper limit 
is about an order of magnitude smaller than the loss rate calculated by Luhmann 
et al. (1992; 1997) that would produce a serious loss of CO2 (0.14 bar) and water 
("'50 m) from early Mars if there were enhanced solar EUV. 

Although Mars Global Surveyor (MGS) does not directly measure outflowing 
ions, it does detect a signature of ions being formed in the Martian exosphere. 
These ions are picked up by the solar wind and are subsequently lost from the 
Martian inventory. The Electron Reflectometer onboard MGS observed an atten­
uation in electron flux at the magnetic pileup boundary of Mars (Acuna et al., 
1998), which can be reproduced by a model of solar wind electrons impact-ionizing 
Martian exospheric Hand 0 (Crider et al., 2000). The 0 loss rate due to elec­
tron impact ionization ranges from 2-20 x 1024 S-I, depending on the assumptions 
made about the solar wind flow geometry and exospheric density. This estimate 
is comparable to that of Fox (1997) and slightly less than the Phobos ASPERA 
measurements Lundin et al. (1989; 1990). 

Likewise, any neutral particles existing above "'300 km altitude are subject 
to electron impact ionization and subsequent loss. Hand 0, being the dominant 
species at high altitude, suffer the greatest loss. Isotopic fractionation occurs natu­
rally by this process because for any species, the loss rates are proportional to the 
exospheric density. As the atmospheric scale height is mass dependent, electron 
impact ionization will have an effectively higher rate for lower mass isotopes with 
larger scale heights. 

We conclude from this brief review that the measured values of ion escape are 
well within theoretical upper limits which themselves are well below the levels 
required for removal of an early, dense atmosphere. Future results on the escape of 
ions and neutrals will be produced by the NOZOMI mission, scheduled to arrive at 
Mars in 2004. 
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5.3. H, C, AND 0 FRACTIONATION 

If we assume that the large observed DIH enrichment in the Martian atmosphere 
(Table I) occurred by photodissociation of water during the last ~3.5 Gyr, this 
implies that at least 90% of the original water inventory near the surface of Mars 
has been lost. On the other hand, the amount of H20 lost from Mars by this process 
has been calculated to be only a few meters averaged over the planet's surface 
(Yung et ai., 1988; Kass and Yung, 1995). This is far less than the reservoir of 
water expected on Mars from the geological evidence of erosion (Carr, 1986) or 
volcanism (Greeley, 1987), which is tens to hundreds of meters. The resolution of 
this apparent paradox may lie in a decoupled cometary source for the near-surface 
water (Owen, 1997; Owen and Bar-Nun, 1998; 2000), which may have had a start­
ing 8D of ~900%o (Watson et al., 1994; Leshin, 2000). This value is similar to 
the cometary DIH value for H20 (Meier and Owen, 1999). The small size deduced 
for the amount of water fractionated by atmospheric escape would in tum derive 
from the fact that the water involved in this process was only the water left near 
the surface after ~3.5 Gyr ago, which could be a much smaller amount than the 
total original inventory. Another possibility is that part of the DIH fractionation 
occurred during the early hydrodynamic escape of hydrogen (Carr, 1996; Leshin, 
2000), if this process indeed took place. In either case, the time at which the main 
reservoir of water was either segregated or lost is obviously of critical importance. 
The key constraints on this time may come from dating the erosional features in 
the Martian landscape. 

As noted above, mass fractionation of carbon and oxygen isotopes during loss 
from the upper Martian atmosphere is mitigated by buffering and exchange with 
surface reservoirs of CO2. To explain an observed range in l3C/l2C in Martian 
meteorites of ~7.5%, Jakosky (1991) estimates that 40-70% of the carbon ex­
changing with the atmosphere has been lost to space, but this value would be higher 
if significant late planetary degassing occurred over time. The 180/160 ratios in 
Martian meteorite carbonates imply a ratio in the atmosphere that is enriched by 
~3.5% in 180. With this assumption, Jakosky (1991) estimates that 20-30% of the 
oxygen in the surface-atmosphere exchangeable system (primarily H20 and CO2) 

has been lost to space. If we take the existing Martian polar caps and regolith to be 
the only exchangeable surface reservoir, this implies that the amounts of CO2 and 
water lost to space cannot have exceeded 0.25 bar and 5 m, respectively (Jakosky 
and Jones, 1997). This assumes that any additional water in the Martian crust and 
oxygen in surface silicates have not been part of this exchangeable system. Without 
more precise knowledge of the isotopic compositions of C and 0 in major Martian 
reservoirs and the size and nature of the near-surface reservoirs in equilibrium with 
the atmosphere, it is difficult to model in detail the extent of mass fractionation of 
these isotopes due to atmospheric loss. 
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6. Time Evolution of Radiogenic Components 

Additional constraints on the evolution of Martian volatiles in time are provided by 
the distribution of the noble gas products from radioactive decay of 40K, 1291 and 
244pU. The 16 Myr half-life of extinct 1291 provides a chronometer for evolutionary 
events during the very earliest history, and a fundamental constraint is provided by 
the radiogenic 129Xe content of the atmosphere. Based on estimates of 30 ppb for 
the global iodine content of Mars (Wanke and Dreibus, 1988), the ratio of radio­
genic 129Xe in the atmosphere to the total 1271 in Mars is around 10-7. This provides 
a minimum estimate for 129 V 127 I at the time when a major global fractionation 
of iodine and xenon must have occurred and corresponds to a maximum interval 
of 160 Myr after the formation of the solar system e291/1271 ~1O-4). A further 
constraint on the details of this early fractionation is provided by the observation 
that 129Xe/132Xe for the interior component is indistinguishable from the solar 
value, within an uncertainty of around ±0.02. In order to preserve the solar value, 
in the presence of 30 ppb iodine with an initial 1291/1271 ratio ~ 10-4, the initial 
concentration of 132Xe in Mars must have been very high (~ 2 x 10-7 ccSTP/g, 
based on the Chassigny data), comparable to the highest concentrations observed 
in some C-chondrites. If the isotopic composition of Chassigny xenon is typical of 
the Martian mantle, it is easy to calculate that the residual concentration of 132Xe 
after the 1-Xe fractionation would also have been substantial, between 10-7 and 
10-10 cc/g depending on whether the fractionation was early or late. 

Details ofthe I-Xe fractionation are unknown but are assumed to be a combina­
tion of outgassing, global melting, and the formation of a crust and depleted mantle. 
Specific models have been proposed in which the fractionation of xenon arose as a 
result of outgassing and differential solubility in a Martian hydrosphere (Mussel­
white et aZ., 1991), or based on differences in solubility of I and Xe in silicate melts 
during the process of outgassing (Musselwhite and Drake, 2000). In these models 
the large enrichment of 129Xe in the atmosphere is achieved by a temporary storage 
of 1291 in the crust while the early atmosphere is drastically eroded and isotopically 
fractionated during hydrodynamic escape. The very low atmospheric abundance 
of fission xenon from the decay of extinct 244pU (t1/2 = 82 Myr) implies that a 
fractionation of Pu and I occurred while 244pu was 'live', and before escape of the 
hypothesized early dense atmosphere. It seems likely that this was part of the early 
global differentiation responsible for the I-Xe fractionation but it is not yet possible 
to add to the time constraints imposed by the 129Xe excesses. 

Argon-40 in the atmosphere provides clues to the more recent outgassing his­
tory of Mars. Mars contrasts with the Earth, where much higher 40 Ar atmospheric 
abundances result from extensive and continuous outgassing of the upper mantle. 
Based on estimates of ~500 ppm for the mean K abundance in Mars, the total 
amount of atmospheric 40 Ar represents less than 2% of that produced in the last 
4.0 Gyr by radioactive decay of 40K. This implies either very low rates of out­
gassing since the presumed loss of the early proto-atmosphere (Pepin, 1994), or 
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higher rates of outgassing combined with continuous loss by sputtering and impact 
erosion from the upper atmosphere (Scambos and Jakosky, 1990). Simple models 
involving degassing associated with partial melting, indicate a semi-quantitative 
consistency between the implied low outgassing rates of 40 Ar and the low rates of 
volcanism on Mars (e.g. Pepin, 1994; Greeley and Schneid, 1991). 

Retention of significant primordial 36 Ar in the interior of Mars is implied by 
the recognition of an interior component with low 40 ArP6 Ar "-'200 (Mathew and 
Marti, 2001). The concentration of radiogenic 40 Ar resulting from 4.0 Gyr decay 
and a mean K concentration of 500 ppm is 3.2 x 10-5 ccSTP/g which would require 
a concentration of 36 Ar of "-' 10-7 cc/g to maintain 40 Ar/36 Ar below 300. This 
conclusion is consistent with the elemental ratios observed in Chassigny e6 Ar : 
84Kr: 132Xe = 5 : 1 : 1; Mathew and Marti, 2001). However, such a high 36Ar 
concentration contrasts with the terrestrial situation, where 36 Ar concentrations in 
the upper mantle are of the order of 10-10 cc/g. A conclusion that emerges from 
the above discussions is that Mars is a relatively undegassed planet in comparison 
to the Earth. 

Direct evidence for changes in the isotopic composition of the Martian atmo­
sphere comes from analyses ofthe meteorite ALH84001. Its Sm-Nd age of 4.5 Gyr 
(Nyquist et aZ., 2001) indicates formation early in Mars history when 244pu was 
live, but after the decay of 129r (Gilmour et aZ., 1998). A major shock event at 
"-' 3.9 Gyr (Turner et al., 1997) was probably responsible for incorporating an­
cient Martian atmospheric gases but the interior component could be a relict of its 
original crystallization. Marti and Mathew (2000) noted a relationship between ni­
trogen isotopic signatures and the 129Xe/132Xe ratio, which they proposed using as 
a time marker. These authors suggest that atmospheric nitrogen may have evolved 
from an initial light signature of 815N = -30%0 to a value of 815N= 4 ± 2%0 
at the time of gas implantation into ALH84001. This evolutionary model sug­
gests that nitrogen was present in the atmosphere and was only slightly evolved, 
but that "-'85% of the radiogenic 129Xe had been released into the atmosphere at 
this time, or that subsequent release of primordial 132Xe has kept almost in step 
with radiogenic 129Xe. Further, since Chassigny and ALH84001 reveal identical 
light nitrogen (8 1sN = -30%0) components, it appears that multiple reservoirs of 
volatiles with different nitrogen and radiogenic xenon signatures do exist in the 
Martian mantle and attest to limited exchanges between these reservoirs with the 
modern Martian atmosphere. A relevant aspect of the isotopic signature of the at­
mospheric Xe in ALH84001 is that it appears to show no fractionated characteristic 
of the modern atmosphere, and, apart from 129Xe, still preserves a solar signature 
(Mathew and Marti, 2001). The time of incorporation, hence epoch, of the trapped 
atmospheric xenon into the nakhlites (formation ages of 1.3 Gyr) is less certain, 
although Gilmour et al. (2001) argue that it was introduced recently by mild shock 
associated with the ejection from Mars. 
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7. Overview and Implications 

Information about the isotopic abundances of volatile elements on Mars derives 
from ground-based measurements, spacecraft instrumentation, and study of Mar­
tian meteorites in terrestrial laboratories. The major component in the Martian 
atmosphere is CO2, followed by N2 and 40 Ar. All other components are «1 %. 
Several volatile species in the Martian atmosphere display strong isotopic fraction­
ation, i.e., N and the noble gases, with the exception of Kr. Isotopic fractionation 
seen in Xe has been modeled to reflect massive and early loss of the atmosphere, 
which included total loss of all species save Xe. The atmosphere was later re­
juvenated by internal degassing and possibly by addition of a late volatile-rich 
veneer. Isotopic fractionation seen in H, N, Ar and possibly Ne is explained by loss 
from this rejuvenated atmosphere over much longer geological times. Importantly, 
atmospheric Kr has very close to a solar composition and apparently has not been 
isotopically fractionated. The atmospheric DIH ratio is enriched over the mean 
terrestrial value by a factor of 5.5. Several models exist to explain various aspects 
of isotopic fractionation of atmospheric species, but the number of variables in 
these models is large, and thus we cannot be certain of their detailed applicability. 

Most condensable volatiles are not expected to show appreciable isotopic frac­
tionation effects from atmospheric loss. This is because of the existence of chemi­
cally exchangeable reservoirs on the Martian surface (e.g., the polar caps for H20 
and CO2), which are much larger than the atmospheric reservoir for some species. 
Unfortunately, precise measurements of the l3C/l2C and 180/160 isotopic ratios 
of atmospheric CO2 do not yet exist. However, measurements of these ratios in 
secondary phases (e.g., carbonates, hydrated minerals, etc) in Martian meteorites 
show some significant isotopic variations of a few percent. Further, real differences 
exist in the 8170 value between these secondary phases and silicates in the same 
meteorite. This difference implies that 0 in the Martian atmosphere and hydro­
sphere is not in chemical equilibrium with silicates or near-surface rocks. The 
DIH ratio in Martian meteorites shows significant variation from a low value of 
8D=,,-, 900%0 up to nearly the atmospheric value of 8D~4200%0. This suggests 
that some secondary phases in these meteorites have exchanged with atmospheric 
H. 

The noble gases and N in Martian meteorites also reveal one or more Martian 
interior components that are very different isotopically from the atmospheric one. 
Generally, this difference is a result of the large mass fractionation effects that 
have occurred in the atmospheric component. The interior component appears to 
have a solar composition for Xe and a 15N/14N ratio similar to that of enstatite 
meteorites. The isotopic composition of Ar in this interior component is poorly 
constrained, but is consistent with a solar composition. The existence of solar-like 
Xe in the Martian interior and solar-like Kr in the atmosphere strongly indicates 
that the heavier noble gases initially acquired by Mars had a solar composition, 
rather than compositions similar to those seen in primitive meteorites. However, 
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the elemental Ar/Kr/Xe ratios of this Martian interior component (as measured in 
Chassigny) are very strongly fractionated relative to solar compositions and are 
even more strongly fractionated than these elements in primitive meteorites. No 
good explanation exists for this contrast in elemental and isotopic fractionation, 
except possibly temperature-controlled adsorption. 

Several isotopic ratios in the Martian atmosphere, e.g., DIH, 15N/14N, 36 ArP8 Ar, 
40 ArP6 Ar, and 129Xe/132Xe, are expected to have evolved over part or all of Martian 
history due to atmospheric loss or addition of radiogenic components. In principle, 
if the time evolution of these isotopes could be documented, e.g. by measuring 
trapped gases in Martian meteorites or returned Martian rocks having different 
ages, much could be learned about the nature of the Martian atmosphere and crustal 
degassing throughout Martian history. In practice, however, an incomplete data 
base and the presence of interior volatile components in Martian meteorites com­
plicate this evaluation. 

Although the pressure of the Martian atmosphere is less than 1 % that of the 
Earth's atmosphere, Martian volatiles show some similarities and some differences 
to those of Earth. Both planets likely had early fractionation loss of noble gases 
of solar-like composition. This may account for the similarity in the relative abun­
dances of their Ar, Kr, and Xe, in spite of the large differences in elemental masses 
and absolute atmospheric abundances. Whether early Mars also was depleted in 
H20 and CO2 compared to the Earth is difficult to evaluate. The crust of the Earth 
obviously contains relatively large quantities of H20 and of CO2 in the form of 
carbonates. However, to the extent that Martian meteorites are representative of 
the Martian interior, Martian rocks are relatively poor in water. Further, spectro­
scopic measurements of Mars have yet to reveal any deposits of carbonate on the 
surface. Those isotopic fractionations measured in Martian meteorites suggest that 
the volatile reservoir involved in isotopic exchange with the Martian atmosphere is 
limited. Yet, the morphology of the Martian surface implies that early in its history 
Mars may have possessed abundant surface water (Masson et al., 2001). All this 
suggests that Mars may contain a substantial quantity of interior volatiles, which 
have never outgassed into the atmosphere and which are not in isotopic exchange 
with the atmosphere. This would be consistent with the low ("'-'2%) fractional de­
gassing into the atmosphere implied for radiogenic 40 Ar. Part of the surface water 
on early Mars may now reside in the deeper crust. 

However, it may also be the case that early Mars received more than one source 
of volatiles. The ratio of noble gases to C, N, and water is smaller by many orders of 
magnitude in primitive carbonaceous meteorites than in gas of solar composition. 
Thus, much of the water, C, and N on early Mars may have been added as a late 
carbonaceous veneer, possibly after loss of the early atmosphere. The 15N/14N ratio 
in the present atmosphere suggests that "'-'99% of the N has been lost to space, and 
it seems unlikely that a significant reservoir of N exists in the Martian surface. 
The C/N ratio of primitive meteorites is "'-'30 by weight, and the quantity of N2 
currently in the atmosphere is 1.4 x 1016 moles. Thus, we might deduce that late 
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addition of meteoritic volatiles would have added "-'8 x 1019 moles of CO2 to all 
of Mars. This is "-'57 moles of CO2 per cm2 of the surface, which is equivalent to 
a layer of CaC03 "-'20 meters thick. Even considering the likelihood that cratering 
in the first 1 Gyr of Martian history gardened and mixed the surface to depths of up 
to hundreds of meters (Hartmann et al., 2001), this amount of CaC03 should, in 
principle, be observable from orbit using spectroscopic techniques. Either most of 
an early inventory of Martian carbon was deeply buried by basalt flows or cratering 
ejecta, or removed from the planet by impacts, or the predicted quantity of carbon 
on Mars, based on addition by a carbonaceous veneer and estimated amounts of 
nitrogen, is considerably too large. 

The atmospheric abundance of 36 Ar also may not be consistent with the late 
meteorite veneer model. The NP6 Ar ratio of primitive meteorites is "-'3 x 106 and 
the solar ratio is 28, whereas the NP6 Ar ratio in the present Martian atmosphere 
is "-'6 x 103 . Although large amounts of Nand Ar have been lost from Mars, the 
15N/14N and 38 ArP6 Ar ratios suggest somewhat comparable fractions have been 
lost. Thus, if a late veneer of carbonaceous chondrite material was added to Mars, 
either the atmospheric loss of N has actually exceeded the loss of 36 Ar by orders of 
magnitude, or a significant surface reservoir exists for N (unlikely), or most of the 
36 Ar in the atmosphere is a solar-derived component (contributing relatively little 
N) that has been degassed from the interior. A solar component of atmospheric 
Ar is consistent with the solar composition of atmospheric Kr. This consideration 
implies that most of the N and the noble gases on Mars had different origins. 

We also can consider the possibility of addition of water to early Mars by a 
carbonaceous veneer. If early Mars had water to a global depth of at least 50 m, 
as suggested by some, this implies a water/C molar ratio of >5. Because primitive 
carbonaceous meteorites have C concentrations of several percent, this water/C 
ratio would require primitive meteorites to contain "-'20% or more water, a value 
that is about a factor of two higher than water contents of carbonaceous chondrites. 
An alternative explanation may be that the late veneer added to Mars was even 
richer in volatiles, such as is the case with comets. Comets have measured C/N 
values greater than solar. Owen and Bar-Nun (l995a) suggested a cometary C/N 
ratio of 20 ± 10 a value not much different from that in carbonaceous chondrites. 
If we assume the solar C/N ratio of 4.9 as a lower limit and 99% loss of N over 
time, only "-'3.3 m of CaC03 would be contained within the Martian surface. This 
smaller amount of carbonate should be easier to dilute by impact gardening of 
the surface. However, the cia ratio in comets seems to be solar, and Owen and 
Bar-Nun (1995a) suggested an upper limit to the C02iH20 ratio of 0.6. Thus, 
a postulated cometary source of volatiles would seem to require that substantial 
amounts of C be accreted to Mars in order to produce > 50 m of water planet wide. 
It may be that water accreted to Mars was incorporated into the Martian surface 
prior to a time when atmospheric gases N2, CO2, and Ar were being significantly 
lost from the planet, e.g., by impact erosion of the atmosphere. Thus, a much 
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greater fraction of initial water may have been retained on Mars, compared to the 
remnants of these other gases that we observe today. 

Finally, we point out that in spite of the considerable knowledge about the 
composition of Martian volatiles gained from the study of Martian meteorites, 
uncertainties remain. Is the noble gas component trapped in shergottite shock glass 
an accurate representation of the recent Martian atmosphere, or does it contain 
minor amounts of other components? How broadly representative of the Martian 
interior are the trapped N and noble gas components measured in Chassigny? 
Do the elementally fractionated Ar/Kr/Xe ratios observed in ALH84001 and the 
nakhlites represent fractionation of the recent Martian atmosphere during some 
simple absorption process? What has been the time evolution of the 129Xe/132Xe, 
40 ArP6 Ar, and 15N/14N ratios in the Martian atmosphere? What are the precise 
isotopic compositions of C and 0 in atmospheric volatiles, and with what sur­
face reservoirs are these in isotopic equilibrium? Although we have presented 
above some reasonable answers to these questions, definitive answers may require 
study of Martian meteorites not yet found and precise, direct analyses of Martian 
volatiles, either in situ or in atmospheric and surface samples returned to Earth. 
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The articles presented in this book reflect an interaction between geochemists, 
geophysicists, and photogeologists, who combined their expertise to focus on the 
chronology and evolution of Mars. A goal of our meeting was to offset some 
pressures that tend to isolate these groups from each other. As a result, we hoped 
to provide more integrated view, revealing Mars as a planet where we have ac­
cess to primordial 4.5 Gyr-old crustal material, to diverse surfaces created during 
major geological processing before 3 Gyr ago, probably associated with a denser 
atmosphere and more fluvial environment, and also to exposures of volcanism, 
water release, weathering, gullying, and exhumation, all operating within the last 
few 100 Myr. Neither Earth nor Moon offers such a long-term, complete geologic 
record. This is a Mars with much longer-lived and varied geological activity than 
many had thought two decades ago (the time of the preparation of the major Mars 
conference volume, from the University of Arizona Press; Kieffer et ai., 1992). 

A Brief History of Mars, Based (mostly) on these Articles 

Part I of this book gives the general chronologic framework, based on Martian 
meteorite dating and cratering records. Evidence for youthful, as well as ancient, 
geologic processes on Mars is documented. The dating of the large lunar impact 
basins and craters (cf. Staffier and Ryder, 2001; Neukum et ai., 2001) and the 
ratio of Mars/moon cratering (Ivanov, 2001) are crucial to calibrating the crater­
dating scheme. Isotopic dating of Martian meteorites provides the chronology of 
formation and early differentiation, of igneous processes and of aqueous alteration 
(Bridges et ai., 2001; Nyquist et ai., 2001). Parts II and III develop the petrological 
and volatile evolutionary histories in the context of the new dating. Here are some 
highlights, in "evolutionary order." 

Isotopic data indicate that Mars accreted within"'" 10 Myr and the core forma­
tion and mantle differentiation occurred within "",20 Myr, perhaps by 4520 Myr ago 
(Hallidayet ai., 2001; Spohn et ai., 2001). Sr and Hf-W isotope data (Halliday et 
ai., 2001) suggest a lack of substantial mantle mixing since then, in sharp contrast 
to the Earth. This view is supported by the contrast between the isotopic compo­
sition of Xe in the Martian atmosphere and interior (Bogard et at., 2001), which, 
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in addition to a major fractionation of iodine and xenon within the first 160 Myr, 
appears to require the hydrodynamic loss of an early dense atmosphere. Mars is 
relatively rich in volatiles compared to the Earth (Bogard et aI., 2001; Halliday 
et aI., 2001), which may reflect differences in the original accreting material, 
or alternatively that the Earth lost volatiles during the putative giant impact that 
may have formed the Moon. Mars did not have such a major impact (Halliday et 
aI., 2001), but it probably did experience smaller scale impact erosion of its early 
atmosphere, removing some of the early CO2, as argued by Bridges et al. (2001), 
to explain the paucity of carbonates in Mars meteorites and Martian soils. 

Early core/mantle/crust formation is consistent with the Mars Global Surveyor 
(MGS) discovery that some of the oldest parts of the crust are magnetized, and 
that the magnetizing era must have been short-lived since very early basin-forming 
impacts such as Hellas punched holes in the magnetized crust (Spohn et at., 2001). 
Areas of primordial crust must be exposed near the surface, in order to explain the 
existence of the 4.5 Gyr-old rock ALH84001, in one out of the 4 to 8 impact "sam­
plings" of Mars. As early proto-liths from the Moon, ALH84001 was brecciated 
and heavily shocked 3.9 to 4.1 Gyr ago, during the Noachian cratering period. 

Igneous and volcanic petrographic evolution proceeded throughout Martian 
time, accompanied by moderate amounts of tectonic fracturing of the early crust 
(Nyquist et at., 2001; Hartmann and Neukum, 2001; Head et aI., 2001). Much of 
the volcanism was early, and much of the mass and load of the Tharsis bulge were 
in place by the late Noachian Period, '"'-'3.6 Gyr ago, based on tectonic and geophys­
ical mapping (Head et aI., 2001); though the surface flows in that region extend 
all the way to the last few 100 Myr or less (Hartmann and Neukum, 2001). Resur­
facing data from Tanaka et al. (1987), combined with crater densities, suggest 
that volcanic resurfacing rates (km2/yr) declined by around an order of magnitude 
between 3 Gyr ago and the present (Hartmann and Neukum, 2001). Low rates of 
volcanic outgassing are also supported by the very low radiogenic 40 Ar content 
of the Martian atmosphere (Bogard et at., 2001) and a small, '"'-' 10%, increase in 
129Xe/132Xe in the last 4 Gyr. 

Rock compositions range from the ultrabasic and basaltic Martian meteorites 
to the more andesitic chemistry observed by Pathfinder (Wanke et aI., 2001) and 
suggest a model in which both andesitic and basaltic crustal material formed, with 
basaltic volcanism continuing to form plains into the present or recent time. The 
MGS thermal emission spectrometer (TES) also mapped two basic end member 
rock compositions. Basalts are primarily found in the southern dark regions and 
andesitic rocks primarily in the northern dark regions (Bibring and Erard, 2001). 
Average mineralogic compositions have been estimated from the spectra, but do not 
quite match those of existing Mars meteorites (Bibring and Erard, 2001). Erosion 
and weathering, including water flow and aeolian activity, has produced the present 
soil, primarily a mixture of the andesitic and SNC-like basaltic rock types, plus 
strong components of evaporite sulfates, chlorides, and similar materials (Wanke 
et aI., 2001; Greeley et at., 2001). 
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Isotopic composition data suggest that the early Martian atmosphere was denser 
than at present, though estimates show substantial variation. Bogard et al. (2001) 
review models implying early total outgassing of several bars of CO2 and initial 
or early total atmospheric pressures of at least 60 - 500 mbar or more. Chem­
ical compositions of weathering products in Martian meteorites suggest that the 
ambient atmosphere at the time of weathering had a CO2 partial pressure of at 
least 50 mbar, compared to "'7 mbar at present (Bridges et al., 2001). Even the 
modest carbonate content of Mars meteorites, if distributed in the upper 1 km of 
crust, is equivalent to 250 mbar of CO2 atmosphere. Massive early lava outpouring 
associated with the early Tharsis build-up might have released a major fraction of 
the gas building up the putative massive early atmosphere (Head et al., 2001). 

A significant difference between the isotopic composition of oxygen in aqueous 
alteration products and the 'mass fractionation line' of igneous minerals in Martian 
meteorites (Bogard et al., 2001) indicates that the atmosphere and hydrosphere 
have not undergone isotopic exchange, or only limited exchange, with the crust, 
e.g. by high temperature hydrothermal processes. This may reflect the low levels of 
volcanism on Mars and the absence of extensive hydrothermal circulation systems, 
as they are associated with mid-ocean ridges on Earth. Furthermore, the apparent 
lack of major fractionation of oxygen and carbon isotopes suggests that much of 
the original inventory of CO2 may still be sequestered on Mars. In contrast, the 
major increase in the 15N/14N ratio over the last 4 Gyr implies that loss of nitrogen 
from the upper atmosphere is an ongoing process (Bogard et al., 2001). 

Large amounts of liquid water were involved in surface evolution during the 
Hesperian and perhaps Noachian Periods (Head et aI., 2001; Masson et al., 2001; 
Bogard et al., 2001; Encrenaz, 2001). This was probably mostly prior to 2.9 Gyr 
ago, but the end of the Hesperian is difficult to date because of the uncertain 
MarslMoon cratering rate (Ivanov, 2001) and might, with lower probability, extend 
closer to 2 Gyr. The rate of fluvial and periglacial resurfacing averaged about 1 to 
2 orders of magnitude greater in the first 1 Gyr than in subsequent time, based 
on resurfacing data (Tanaka et al., 1987; Hartmann and Neukum, 2001). The 
presence of Noachian oceans or large exposures of water-laid sediments is still 
unresolved. Data from the MGS Laser Altimeter confirmed an ancient north polar 
basin surrounded by terraces at an equipotential level, which may be a remnant of a 
north polar lowland sea (Head et al., 2001; Masson et al., 2001). Kilometers-thick 
sedimentary layers, deposited on the ancient, cratered, recently exhumed floors of 
some ancient craters, may evidence water ponding in craters (Malin and Edgett, 
2000b). These sediments may also be aeolian deposits (Greeley et al., 2001), al­
though many of them are very likely water-laid, and many of these craters have 
channels emptying into them (Figure 1). Exhumation and deflation processes seem 
to be very active in some areas of Mars today and offer opportunities to sample 
ancient surface units that were long hidden under masses of sediments, and only 
recently exposed (Greeley et al., 2001). Many ofthe old Martian sediments appear 
to be weak and loosely consolidated. 
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Figure 1. Stratified deposits in Gale crater symbolize the complexity of the Martian geological record. 
Stratified sediments (upper left) were deposited over an ancient cratered floor layer (lower right) 
inside Gale crater. At some point a channel cut through these sediments, but was also filled in . (This 
can be seen as well in other parts of the image, not shown). The sediments are currently being eroded 
and removed, exhuming the old surface. The youthfulness of this exhumation process is proved by 
the absence of young impact craters on the various surfaces. (Mars Global Surveyor MOe camera 
image courtesy of Malin Space Science Systems, Jet Propulsion Lab, and NASA.) 

Massive volumes of carbonates were predicted to have been sequestered in the 
soils if long-lived early seas existed, but data from the MGS TES spectrometer did 
not evidence for them (Bibring and Erard, 2001). Martian sulfate chemistry may 
have interfered with production of the carbonates (Wanke et aI., 2001). Bogard et 
al. (2001) also cite the importance of sulfur chemistry in controlling carbonate 
formation, and discuss the need for better measurements of sulfur abundances. 
Alternatively, many ancient evaporite deposits may be hidden by combined effects 
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of later sediments (Greeley et at., 2001; Head et at., 2001) and impact gardening 
(Hartmann et at., 2001). Iron may be concentrated in the soils by processes that 
have produced patches of strong hematite concentration here and there, and most 
models of hematite production rely on either hydrothermally heated or cold water. 
The main exposed hematite concentration, in Meridiani Terra, appears to be very 
ancient, to have been preserved under sediments, and to have been only recently 
exposed by exhumation (Hartmann et al., 2001); Wanke et at. (2001) appeal to 
hematite concentrations to explain Martian soil chemistry. 

Various types of outflow channels and dendritic channel networks are widely 
accepted as establishing water flow on the surface. Although concentrated toward 
the beginning, channel formation and aqueous activity extended into the Amazo­
nian period, probably including the middle or even last third of Martian history, 
at lower activity levels (Masson et ai., 2001). The dating of the outflow channels 
themselves remains uncertain at this writing, because (1) they have small areas, 
giving poor impact crater statistics, and (2) the factor 2 uncertainty in Mars impact 
rates (Ivanov, 2001) means that the ages are uncertain by that factor, which in turn 
means that middle-history model ages around 2 to 3 Gyr could, with lower proba­
bility, range from 1 to 4 Gyr - giving a poor constraint. As reviewed by Masson et 
at. (2001), most of the outflow channels and valley networks are stratigraphically 
associated with the late Noachian and Hesperian Periods (probably before 3 Gyr 
ago), but some ofthem extend into the Amazonian. Crater counts suggest that flow 
activity in certain channels extended to 1 Gyr ago, or even as recently as a few 
100 Myr ago (Masson et at., 2001). These dates are supported by Martian rock 
data showing at least brief (days) exposure to moisture as recently as 670 Myr ago 
(Bridges et ai., 2001). The Amazonian water releases, as well as the hillside gullies 
(Malin and Edgett, 2000b) may be associated primarily with localized volcanism, 
such as in Elysium Planitia (Head et at., 2001), and localized mild geothermal 
heating that raises the bottom of the ground ice layer above ~-40°C to keep brines 
liquid (Hartmann, 2001). The later mild heating could produce liquid water on 
Mars without producing geothermal or volcanic structures. This process could also 
be involved in duricrust production, by cementing soils with leachates. The polar 
regions are also areas of continued geological processing, accumulating sediments 
during annual cycles of dust/ice deposition there. They show virtually uncratered, 
layered terrain that suggest continuing sedimentation and possible recent glacial 
ice flow phenomena in the polar cap regions (Head et ai., 2001). 

Intermediate in size between the Earth and the Moon, Mars occupies a partic­
ularly interesting planetary regime. Like the Moon, its accessible surface history 
stretches back beyond the heavy bombardment epoch (Figure 2), but more like 
the Earth it has been geologically active, albeit to a much lower degree, for most 
or all of the intervening time. Mars will obviously continue to be a key labo­
ratory for understanding planetary processes, including planetary and formation, 
crust/mantle/core evolution, basaltic volcanism, water release, and conditions that 
mayor may not have led to biological or pre-biological chemistry. 
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Figure 2. Topographic map of Mars, derived from MOLA (Mars Orbiter Laser Altimctcr) data 
(Courtesy Mars Global Surveyor project, MOLA team, and NASA). The wide variation in crater 
density can be seen reflecting the wide range of surface ages. According to results in this volume (cf. 
Hartmann and Neukum, 2001; Spohn et aI., 2001; Head et at., 2001; Bridges et ai., 2001; Masson 
et a!., 2001), the most heavily cratered (Noachian Period) surfaces (most of southern hemisphere 
plus Arabia Terra (center-right equatorial area) are constrained to be older than about 3.5 Gyr, while 
the sparsely cratered northern plains havc average model ages <2 Gyr with certain areas such as 
Tharsis Planitia (left center), Elysium Planitia (upper right) and Amazonis Planitia (upper right and 
left edges) have individual lava flow units with model ages < 100 Myr. Polar layered terrain gives 
even lower ages, probably due to ongoing deposition of dust trapped there seasonally. Note; MOLA 
topographic maps use a longitude system where longitude increases to the east. On many other maps, 
longitude increases to the west. 
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Could the emerging view of a geologically active Mars be overturned in yet an­
other chapter of Martian exploration? Several issues have emerged that bear on 
this question. 

I. Radiometric Age Determinations of Martian meteorites provide unambiguous 
evidence of igneous activity on Mars, within the last 1.3 Gyr to 180 Myr 
(Nyquist et al., 2001). Since the source regions of the Martian meteorites are 
as yet unknown, the determination of absolute ages for cratered surface units 
remains a problem. Remote determination of approximate K-Ar ages of basalt 
flow units or cosmic ray exposure ages of outflow channels may provide a 
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rough answer, but it seems likely that the complexities of isotope systems will 
require sample return before a definitive calibration is made. If one or two 
young homogeneous units (lava flows?) could be sampled in such a way that 
the unit's age could be unambiguously determined, those units could be used 
to calibrate the crater count dating techniques of the other units of Mars. 
Our existing knowledge on the absolute chronology of Mars has many lim­
itations not only due to the Martian data, but also from the lunar data. The 
lunar crater retention age curve is well calibrated only for the time period from 
3.9 to 3.2 Gyr ago. During this period we have precise radiometric ages of 
the mare basalts and crater counts for the corresponding mare areas. However, 
our estimate of the time dependence of cratering in the first 600 Myr depends 
strongly on our understanding of the lunar basins and upland cratering (Steiffler 
and Ryder, 2001; Neukum et aI., 2001). Similarly, the precise dating of the 
youngest lunar features, and hence the recent time dependence of cratering, is 
somewhat controversial. Great advances could be made if we had absolute dat­
ing from certain proposed "youngest" mare lava flows in Oceanus Procellarum 
and major craters such as Copernicus or Tycho. 

2. Crate ring Chronologies. The existence of young lava flows on Mars is also 
clear from crater-retention age determinations, made by measuring Martian 
impact crater densities and calibrating their ages with lunar radiometric ages, as 
discussed in the papers by Neukumet at. (2001), Ivanov (2001), and Hartmann 
and Neukum (2001). In spite of the factor two uncertainty between Martian and 
lunar cratering rates, the crater retention ages still offer a powerful confirma­
tion of the existence of geologically young Martian lava flows, with model 
ages of the order 100 Myr and even less. To claim much older ages for the 
Martian features would require the Martian cratering rate to be much lower 
than currently estimated (cf. Ivanov, 2001). 

3. Atmospheric Evolution. The data suggesting early high pressures are very di­
verse, and need to be reconciled into a firmer picture of surface pressure ver­
sus time. A better understanding of atmospheric conditions in the Noachian 
and Hesperian would help constrain the presently wide-ranging models of 
early oceans, hydrologic cycles, glaciation, outflow channels and valley net­
works, underground aquifers, etc. In particular, it would be valuable to have 
any data that could support, define, or refute short-lived episodes of enhanced 
atmospheric pressure. These might have occurred due to volcanic eruptions or 
obliquity cycles, and they could have produced transient greenhouse effects 
and benign periods interspersed with frozen periods. Isotopic evidence (H, C, 
N, 0 and the noble gases) from a wider range of crustal rocks and secondary 
minerals will be required to obtain a clearer picture of the time evolution of 
the atmosphere-hydrosphere-crust system on Mars. The origin of the volatile 
inventory of Mars will continue to be a topic for debate. 

4. Aqueous Evolution. All evidence of aqueous activity is of high importance not 
only because of implications for climatic evolution but also because of implica-
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tions for possible biological habitats and activity. Papers in this book generally 
support extensive early aqueous activity on Mars, including extensive, but per­
haps short lived, bodies of water. It is clear that we need better understanding 
of features like the young-looking Malin/Edgett gullies, sedimentary layers, 
possible shorelines, and possible ocean basins (Head et al., 1999,2001; Mas­
son et at., 2001). However, the chronology of aqueous alteration products, and 
by inference aqueous activity on Mars, is at a very preliminary stage, and there 
is a need to extend this work. 

5. Crustal Evolution. A puzzle persists that the Mars meteorite collection does 
not include more rocks of moderately old age, 1.5 to 4.0 Gyr, from the cratered 
Martian uplands. It is possible that the uplands are so fragmental that they do 
not easily produce meteorites, or that they produce rocks not recognized as me­
teorites. Wanke et al., for example, regard one of the "rocks" at the Pathfinder 
site as a mass of "cemented soil." Intense cratering of the Mars uplands in early 
time not only broke through early magnetized terrain (Spohn et at., 2001) 
but also may have pulverized hundreds of meters of early upland, creating a 
megaregolith that was the ideal medium for water to enter, perhaps cement­
ing the loose materials with carbonates, salts, and other evaporates, to create 
weak, duricrust-like materials that can't launch meteorites. Martian meteorites, 
therefore, may be samples only from regions where coherent igneous near­
surface rocks allow launching of meteorites, while sampling and recognition 
of weaker, loosely cemented sediments is inhibited. Identification of the rock 
types in the uplands is thus a major remaining issue in understanding Martian 
evolution. 

6. Martian Meteorites. One of the strongest arguments for the derivation of the 
SNC meteorites from Mars was the similarity in composition of trapped gases 
in EET7900 1 and Viking analyses. Atmospheric and crustal components have 
now been identified in most of the SNCs but the latest data show significant 
differences from the Viking measurements. However the evidence that the 
SNCs are from Mars is now more broadly based and the assumption is that 
these differences arise from uncertainties in the Viking analyses. Nevertheless 
there is a need to obtain definitive in-situ analyses which will also provide a 
baseline for interpreting isotopic fractionation of carbon and oxygen. 

References 

Bibring. J.-P., and Erard, S.: 2001, Space Sci. Rev., this volume. 
Bogard, D.D., Clayton, R., Marti, K., Owen, T., and Turner, G.: 2001, Space Sci. Rev., this volume. 
Bridges, J.C., Catling, C.C., Saxton, J.M., Swindle, T.D., Lyon, I.C., and Grady, M.M.: 2001, Space 

Sci. Rev., this volume. 
Enerenaz, T.: 2001, Space Sci. Rev., this volume. 
Greeley, R., Kuzmin, R.O., and Haberle, R.M: 2001, Space Sci. Rev., this volume. 
Halliday, A.N., Wanke, H., Birek, J.-L., and Clayton, R.N.: 2001, Space Sci. Rev., this volume. 



470 HARTMANN ET AL. 

Hartmann, W.K.:: 2001, Space Sci. Rev., this volume. 
Hartmann, W.K., Anguita, J., de la Casa, M., Berman, D.e., and Ryan, E.: 2001, 'Martian Cratering 

VI. The Role of Impact Gardening', Icarus 149, 37-53. 
Hartmann, W.K., and Neukum, G.: 2001, Space Sci. Rev., this volume. 
Head, J.W., Hiesinger, H., Ivanov, B., Kreslavsky, M., Pratt, S., and Thomson, B.: 1999, 'Possible 

Ancient Oceans on Mars: Evidence from Mars Orbiter Laser Altimeter Data' , Science 286, 2134-
2137. 

Head, J.W., et al.: 2001, Space Sci. Rev., this volume. 
Ivanov, B.A.: 2001, Space Sci. Rev., this volume. 
Kieffer, H.H., Jakosky, B.M., Snyder, e.w., and Matthews M.S. (eds.): 1992, Mars, Univ. Arizona 

Press, Tucson. 
Malin, M.C., and Edgett, K.S. : 2000a, 'Evidence for Recent Groundwater Seepage and Surface 

Runoff on Mars', Science 288,2330--2335. 
Malin, M.e., and Edgett, K.S.: 2000b, 'Sedimentary Rocks of Early Mars', Science 290,1927-1937. 
Masson, P., Carr, M.H., Costard, E, Greeley, R., Hauber, E., and Jaumann, R.: 2001, Space Sci. Rev., 

this volume. 
Neukum, G., Ivanov, B.A., and Hartmann, W.K.: 2001, Space Sci. Rev., this volume. 
Nyquist, L.E., Bogard, D., Shih, e.-y., Greshake, A., StOffter, D., and Eugster, 0.: 2001, Space Sci. 

Rev., this volume. 
Spohn, T., Acuna, M., Breuer, D., Golombek, M., Greeley, R., Halliday, A., Hauber, E., Jaumann, 

R., and Sohl, E: 2001, Space Sci. Rev., this volume. 
StOffier, D. and Ryder, G.: 2001, Space Sci. Rev., this volume. 
Tanaka, K.L., Isbell, N., Scott, D., Greeley, R., and Guest, J.: 1987, 'The Resurfacing History of 

Mars - A Synthesis of Digitized, Viking-based Geology,' Proc. 18th Lunar Planet. Sci. Conf, 
Cambridge University PresslLPI, 1988, Cambridge and New YorkIHouston TX, USA, pp. 665-
678. 

Wanke, H., BrUckner, J., Dreibus, G., Rieder, R., and Ryabchikov, 1.: 2001, Space Sci. Rev., this 
volume. 

Addressfor correspondence: William K. Hartmann, Planetary Science Institute, 620 N. 6th 
Avenue, Tucson AZ 85705-8331, USA; (hartmann@psi.edu) 



GLOSSARY 

Geophysical, geological, petrological, and mineralogical terms used in planetary 
science, in particular concerning research in this book on the chronology and evo­
lution of the Mars and the Moon, are defined. 

1. Mars, Moon, and Planetary Bodies, Their Structure and Geological Units 

Amazonian Period: youngest of the 3 Martian stratigraphic periods Noachian, 
Hesperian, Amazonian, defined by Tanaka (1986) in terms of crater density. 
Aquifer: water-carrying rock formation below a planet's surface. 
Asteroids: rocky, metallic, 1 cm - 1000 km-sized objects, orbiting the Sun, mostly 
in the Asteroid Main Belt between the orbits of Mars and Jupiter; consist of pristine 
solar system material; most likely bodies that never coalesced into a planet. 
Asthenosphere: plastic zone under the lithosphere. In the case of Earth, this is 
broadly equivalent to the upper mantle. 
Caldera: a volcanic depression usually rougher circular or oval, caused by collapse 
and often found on summits of volcanos. 
Canal: term introduced as "canali" by Schiaparelli; Lowell ('" 1890) charted these 
hypothetical linear features on Mars, which he believed to be constructed by Mar­
tians. Not confirmed by later studies but some are associated with wind streaks and 
canyons; not to be confused with "channel." 
Chaotic Terrain: distinctive fractured surface area on Mars usually at the head of 
large channels; collapsed to '" 1 - 2 km below the surrounding terrain presumably 
due to rapid release of melted subsurface ice. 
Channel: apparent dry riverbeds on Mars, discovered by Mariner 9 in 1972. 
Core: central portion of a differentiated planet chiefly consisting of Fe and Ni. 
Crater: bowl-shaped depression with a raised rim, formed by a meteoroid impact 
(impact or meteorite crater); not applied to volcanic features in modern usage. 
Crust: outer layer of a terrestrial planet. 
Dentritic Network: same as valley network. 
Dorsum: ridge (Latin). 
Dunes: mound, ridge, or hill of wind-blown sand. 
Duricrust: platy Martian soil, apparently cemented by evaporites. 
Endogenic: arising from the interior of the Earth (opposed to exogenic). 
Eskers: bouldery ridges of sediment left by melting glaciers at their margins; 
meandering sand lines and gravel deposited by streams beneath glaciers. 
Fissure: crack extending far into a planet through which magma erupts. 
Flow-Lobes: lobe-shaped feature in the flow field of volcanoes, generated by in­
flation of the lava crust as a result of magmatic overpressure in the associated lava 
core; larger lobate features are also found in some Martian craters' ejecta blankets, 
thought to originate by interaction with ground ice . 

.w, Space Science Reviews 96: 471-482, 2001. 

.. ~ © 2001 Kluwer Academic Publishers. 



472 THE EDITORS 

Fluvial Channel: the conduit through which a river flows. 
Fluvial Valley: linear depression containing many channels. 
Fossa: ditch (Latin); long, narrow, shallow depressions. 
Fretted Channel: channel infretted terrain with steep walls and a flat floor. 
Fretted Terrain: fractured Martian surface area; eroded by landslides, volcanic 
flooding, or ice-rich debris flowing off walls of faulted valleys. 
Frost Mound: area of water frost layer. 
Graben: elongate, depressed crustal unit, bounded by faults on its long sides. 
Hellas: one of the largest impact basins on Mars, dominating structure and flow 
channel orientation over a large part of the southern hemisphere. 
Hesperian Period: middle of the 3 Martian stratigraphic periods defined by Tanaka 
(1986) in terms of crater density. 
Highlands: oldest cratered lunar surface areas; chemically distinct from the mare. 
Ignimbrites: deposits of pyroclastic flows of ash, gas and larger particles. 
Lahar: Indonesian word referring to mudflows that are volcanic in origin. 
Lineated Valley Fill: material in steep-walled Martian valleys, comprising their 
floors which have lineations (ridges and grooves); resemble alpine glaciers. 
Lithosphere: rigid outer rind of a planet (crust and upper mantle), as distinct from 
the underlying, more fluid, asthenosphere. 
Longitudinal Grooves: due to differential shear and lateral spreading at high ve­
locities of landslides between mounds of interior layered deposits. 
Magma Ocean: magma layer, covering an early planet; term derived from evi­
dence for same on the Moon 4.5 Gyr ago. 
Mantle: portion of a planet between crust and core; ",2900 Ian thick on Earth. 
Maria: dark lunar surface area; originally thought to be seas by classical observers; 
composed of basaltic lava plains; chemically distinct from the highlands. 
Martian Meteorites: also called SNC meteorites; include the 3 meteorite classes 
named after the location of the fall of a prominent member of each class: Sher­
gottites, N akhlites, Chassignites; identified to originate from Mars because of their 
young ages, basaltic composition, and inclusion of Martian atmospheric gas. 
Meteoroids: small interplanetary debris, from asteroids and comets. 
Meteor: a meteoroid as it enters the atmosphere at speeds of 15 - 70 kmls. 
Meteorites: solid objects striking a planet's surface, categorized as stony, iron, and 
stony-iron; mainly of asteroidal origin, a few from the Mars and the Moon. 
Moberg Mountain: see Table Mountain. 
Noachian: oldest of the 3 Martian stratigraphic periods defined by Tanaka (1986) 
in terms of crater density. 
Nues Ardentes: pyroclastic flow that traveled into water, separating gravitationally 
into a lower part containing most of the solid fragmental mass. 
Obliquity: tilt of a planet's axis from perpendicular to the plane of the ecliptic. 
Outflow Channel: Martian channel eroded by a fluid, apparently water; often starts 
full size in chaotic terrain; few, if any, tributaries; some 10 Ian wide and up to 



GLOSSARY 473 

2000 km long; distinct flow features such as eroded craters with teardrop-shaped 
tails, scour marks, "islands". 
Palsas: mound of peat resulting from the formation of a number ice lenses beneath 
the ground surface; 2 - 30 m wide and 1 - 10 m high; similar to a pingo. 
Patera: ancient Martian volcano; often with the semi-circular Caldera crater at the 
volcano summit ('"'-'80 km across). 
Periglacial Landforms: topographic features along the margins of glaciers. 
Pingo: large conical mound containing an ice core; up to 60 - 70 m high; form in 
regions of permafrost; similar to paisa. 
Planetesimals: 1 m to 100 km-sized bodies that mostly accreted to planets. 
Planitia: plain (Latin); smooth low area. 
Plate Tectonics: tectonic activity associated with the breakup of the lithosphere 
into moving pieces, or "plates". 
Polygon: lineations, arranged in a polygonal pattern that outline flat-lying areas, 
scale is up to 5 - 20 km across. 
Pressure Ridges: long, narrow wavelike folds in the surface of lava flows. 
Rampart Crater: crater in which the ejecta blanket is thick and appears to have 
formed from slurry due to impact into ice-rich material. 
Ray: streak of material blasted out and away from an impact crater. 
Ridged Plains: formed by crust welling up between separating plates. 
Rille: long channel in lunar maria formed by open or underground lava flow. 
Rock Glaciers: flowing frozen debris whose surface layer thaws in summer. 
Runoff Channel: flow of water from precipitation to stream channels when the 
infiltration capacity of an area's soil has been exceeded. 
Rupes: scarp (Latin). 
Scabland Topography: created by catastrophic glacial outburst floods. 
Sediment: solid rock or mineral fragments deposited by wind, water, gravity, or 
ice; precipitated by chemical reactions; accumulated as loose layers. 
SNC Meteorites: see Martian Meteorites. 
Soil: upper layers of sediment. 
Source: location where igneous matter (lava and gases) erupts onto the surface. 
Table or Moberg Mountain: special type of volcano (e.g. in Iceland) produced by 
subglacial eruptions; the discharge of meltwater is calledjokulhaup. 
Talik: island of thawed ground surrounded by permafrost. 
Terrain: area of the surface with a distinctive geological character. 
Tharsis: broad, domed volcanic plains of Mars dominating much of one hemi­
sphere; major volcanoes are Olympus, Arsia, Pavonis, Ascraeus Mons. 
Tidal Stress: differential gravitational force per unit area acting on a planetary 
body by the Sun, a moon, or another planet, resulting in periodic bulging. 
Thyas: subglacial volcanic deposits from eruptions beneath glacial ice. 
Valles Marineris: major Martian canyon complex; similar in scale to the Red Sea. 
Valley: valleys on Mars have not been filled by water to their rim and usually no 
river bed is observed inside them; may have formed by sapping processes. 
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Valley Networks: valley systems, often with complex, multiply-branched patterns 
of tributaries; mostly in ancient upland areas of Mars. 
Vallis: sinuous valley (Latin). 
Vent: opening in a planet's surface ejecting lava, gases, and hot particles. 
Ventifact: individual pieces and pebbles etched and smoothed by aeolian erosion 
i.e. abrasion by wind-blown particles. 
Vesicle: bubble-shaped cavity in a volcanic rock formed by expanding gases. 
Volcano: mountain formed from the eruption of igneous matter. 
Yardang: aeolian erosional rock feature formed by deflation and abrasion; elon­
gated and aligned with the most effective wind direction. 

2. Geological Processes 

Abrasion: process of wearing down or rubbing away by means of mechanical 
friction by particles in ice, water or wind. 
Aeolian Processes: wind processes; from Greek Aeolus. 
Creep, Frost Creep: slow downslope movement of particles on slopes covered 
with loose, weathered material; directly by gravitation or by frost heaving (inter­
stitial water freezes, surface particles are forced out and let down by melting). 
Debris Flow: mixture of water-saturated rock debris flow (lahar or mudflow). 
Deflation: process of wind erosion that removes and lifts individual particles, blow­
ing away unconsolidated, dry, or noncohesive sediments. 
Exhumation: Exposure of underlying terrain by removal of overburden. 
Gelifluction: soil flow in periglacial environments; progressive, lateral movement. 
General Circulation Model (GCM): time-dependent 3D model of a planet's neu­
tral atmosphere; finite difference solution of the nonlinear equations of hydro- and 
thermodynamics, and coupling between dynamics and composition. 
Ground Ice: subsurface water that is frozen in regions of permafrost; moisture 
content may vary from nearly absent to almost 100%; may be released under great 
pressure and flowed away so that the overlying surface collapses (chaotic terrain). 
Hydrologic Cycle: includes evaporation, condensation, infiltration, precipitation, 
transpiration, runoff, groundwater on a planet. 
Jokulhaup: discharge of meltwater caused by a subglacial volcanic eruption. 
Mass Wasting: downslope transport of (weathered) rock, water, or soil by gravity. 
Phreatic Explosion, Eruption: volcanic eruption or explosion of steam, mud, 
or other material that is not incandescent; caused by the heating and consequent 
expansion of ground water due to an adjacent igneous heat source. 
Plinian Eruption: sustained explosive volcano eruptions which generate high­
altitude eruption columns and blanket large areas with ash; after the eruption of 
Mount Vesuvius described by Pliny in 79 AD. 
Plucking: erosive process of particle detachment by moving glacial ice when basal 
ice freezes in rock surface cracks. 
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Pyroclastic Eruption: explosive eruption of lava and rocks. 
Saltation: transport of sand grains (usually larger than 0.2 mm) by stream or wind, 
bouncing the grains along the ground in asymmetrical paths. 
Suspension: fine particles of given size are held in suspension in a stream of given 
density if the wind is faster than a threshold velocity, the wind friction velocity; 
finest particles are not deposited until the stream velocity nears zero. 
Tectonics: fracturing and movement of large-scale rock masses in response to 
compressional, tensional, or shear forces causing faulting and folding (can create 
mountain ranges, rift zones, faults, fractured rock, and folded rock masses). 
Terrain Softening: reduction in topographic relief due to the downslope movement 
of surficial material, probably involving ice or ground water. 
Thermokarst: feature of glacial landscape; forms when the ice contained at shal­
low levels melts and the ground collapses. 

3. Impact Craters 

Cataclysm, Terminal Cataclysm: hypothetical shortlived episode of intense bom­
bardment of the Moon, and possibly all planets, about 3.9 - 4.0 Gyr ago; the 
term was introduced by Wasserburg et at. in the early 1970s when rock sample 
ages in early Apollo missions showed a strong cutoff around this time; initially, 
it was visualized as a very short-lived event; recent discussions imply a duration 
of "-'200 Myr (SWffier and Ryder, 2001); also variously called early/late heavy 
bombardment, early intense cratering, etc. Its nature is controversial. 
Central Peaks: peaks in the center of large impact craters, associated with rebound 
during collapse of the transient cavity. 
Complex Crater: impact crater with central peak structure; generally larger than 
simple craters or larger than about 5 - 10 km, but the transition size depends 
inversely on surface gravity and varies from planet to planet. 
Concentric Crater Fill: multi ridged intracrater deposit; possibly due to downward 
flow of materials from crater walls in higher latitudes on Mars. 
Crater Isochron: the size distribution of craters formed on a surface in a specified 
period of time. In the absence of erosive losses or other effects that alter the size 
distribution, the observed size distribution after time T should equal the isochron 
for time T. 
Crater Production Function: the shape of the size distribution of craters that 
would be formed on a surface above the atmosphere of a planet, i.e. in the absence 
of erosive or other loss effects. 
Crater Retention Age: the duration of time during which impact craters of speci­
fied diameter remain visible on the surface; in the case of a homogenous surface on 
an atmosphereless body with no erosion and deposition, e.g. a lava flow, this may 
be the actual age of the unit; under erosion/deposition conditions, it may reflect the 
rate of obliterative processes; coined by Hartmann (1966). 
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Crater Saturation Equilibrium: steady state curve reached (in the absence of 
other geological processes) as time passes and crater density increases to the point 
where, in effect, new craters obliterate old craters; the observed crater density 
then probably fluctuates around the saturation equilibrium density, depending on 
statistics and locations of large impact basins and their ejecta blankets. 
Ejecta, Ejecta Blankets or Deposits: the material thrown out from the crater 
during the impact that formed it. 
Gardening: see impact gardening. 
Impact Gardening: fragmentation of planetary surface layers by meteoritic impact 
at all sizes (or down to a cutoff size imposed by the atmosphere.) 
Lobate Ejecta: ejecta blankets that surround a crater in the form of lobes, probably 
associated with impact into ground ice. 
Megaregolith: extension of the term regolith (coined by Hartmann, 1973); hun­
dreds of meters to few km deep; developed by saturation equlibrium among multi­
kilometer scale craters with a size distribution such that, as crater time passes and 
density increases, craters of D > 2 km all begin to saturate at about the same time, 
producing a very rapid increase in gardening depth. 
Peak Ring: ring of peaks on a crater floor; intermediate stage for increasing crater 
size ( '" 1 00 km) in the progression from central peaks to multiple ring basins. 
Pedestal Crater: impact crater with ejecta blanket standing above surrounding 
terrain. 
Production Function: see crater production function. 
Pseudo Crater: created by localized phreatic explosions where lava interacts with 
volatile-rich ground; note the definition of the term crater as impact crater. 
Ray: streak of material blasted out and away from an impact crater. 
Regolith: layer of loose, pulverized debris (unconsolidated rock, minerals, glass 
fragments) created on the surface of an airless or nearly airless body by impact 
gardening; measured in the lunar mare lavas to be '" 5 - 20 m deep, grading into 
coarser broken materials; term probably introduced by Shoemaker after Ranger 
probes in the mid 1960s showed rolling terrain saturated with degraded craters. 
Resonances: gravitational relationships, mostly with Jupiter, that force orbits of 
asteroids to change, usually toward larger eccentricity; mechanism that ejects a 
continuing flux of asteroids from the main belt onto orbits that cross those of Mars 
and/or the moon, creating (along with comets) the impact cratering rates on those 
planets. Simple resonances have integer ratios (such as 2: 1 and 3:2) between the 
asteroid's and Jupiter's orbital periods. 
Saturation Equilibrium: see crater saturation equilibrium. 
Shock Wave: powerful compressional wave puIs; e.g., created by a meteorite im­
pact on a planetary surface at a velocity above the speed of sound in rock. 
Simple Crater: bowl-shaped impact crater with no central peak; generally smaller 
than complex craters or smaller than a few km, but the transition size depends 
inversely on surface gravity and varies from planet to planet. 
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4. Meteorites 

Achondrites: meteorites formed on differentiated bodies, where the complete melt­
ing removed all evidence of chondrules; sometimes difficult to identify because 
they resemble terrestrial igneous rocks; found in several rare types: Howardites, 
Eucrites, Diogenites from the asteroid Vesta, SNC meteorites from Mars, Aubrites, 
Ureilites, and primitive achondrites (for the latter see, e. g., Graham et aI., 1985). 
Carbonaceous (C) Chondrites: rare and primitive - though complex - meteorites 
containing organic compounds and water-bearing minerals that are evidence for 
the inclusion of water not long after formation. Chemical and mineralogical dif­
ferences are named for the type specimens Ivuna (CI), Mighei (CM), Vigarano 
(CV), Omans (CO), Karoonda (CK), and Renazzo (CR). The petrologic grade 
designations of C chondrites indicate increasing metamorphism of the meteorite 
by water (grades 1 and 2) or by heat (grades 3 to 6). 
Chondrites: class of primitive stony meteorites containing chondrules inside their 
primary matrix; formed shortly after the Sun's birth ("-'4.56 Gyr ago); sub-classes 
are ordinary, carbonaceous, enstatite, and Rumuruti chondrites. 
Chondrules: small glassy spherical inclusions formed in the solar nebula. 
Enstatite (E) Chondrites: rare chondrites rich in enstatite; most of their Fe is in 
the form of metal or sulfide, rather than oxides in silicates, implying that they orig­
inate from an oxygen-poor region of the solar nebula, possibly inside the present 
orbit of Mars; further classified by petrologic grades 3 to 6 and according to their 
Fe content (EH indicates approximately 30% Fe and EL about 25% Fe). 
Iron Meteorites: represent only "-'5% of meteorite falls; some are thought to be 
pieces of the shattered cores of differentiated asteroids; structure variations result 
from the ratio of the two Ni-Fe alloys, kamacite ("-'27-65% Ni) and taenite (;:57.5% 
Ni), that have crystallized forming the core of the parent asteroids. 
Mesosiderites: a broad class of stony-iron meteorites, surface regolith, fragment 
mixture (breccia) of mantle rock and Ni-Fe alloy; much more uniform metal com­
positions than iron meteorites; stirred up and fused by repeated impacts. 
Ordinary Chondrites: the most common type of meteorite fallon Earth; further 
classified by their Fe content: H denotes an Fe content of "-'27% by weight, L 
corresponds to "-'23% of Fe, and LL means "low iron" and "low metal" ("-'20% 
Fe); numbers 3 -7 following the H, L, and LL classifications are petrologic grades 
indicating the degree of chondrule alteration by heating. 
Pallasites: a class of stony-iron meteorites; their metallic matrix contains large 
green olivine crystals; probably formed at asteroids' core-mantle boundary. 
Stony-iron Meteorites: have both stone and metal fractions; two main groups: 
mesosiderites and pallasites. 
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5. Mineralogical Terms 

Agglutinates: glass-bonded rock, mineral, and glass fragments in lunar sediment. 
Albite: sodium end member of the plagioclase feldspar group; Na(AISi30 s). 
Amphibole: group of ferromagnesian silicates with a double chain (single chain: 
see pyroxene) of silicon-oxygen tetrahedra. 
Andesite: medium grey rock in lava flows; fine-grained plagioclase with 52 - 63% 
silica and smaller amounts of biotite, hornblende, and augite as small phenocrysts. 
Anhydrite: calcium sulfate, CaS04; finely granular mineral found as thick beds or 
thinly laminated; hydrates to swell to gypsum; strong weathering. 
Anorthite: calcium end member of the plagioclase feldspar group; Ca(AhSi20 s). 
Anorthosite: >90% anorthite, balanced by pyroxene and olivine. 
Augite: silicate mineral, chiefly of Ca, Mg, Fe, and AI; dark-green to black variety 
of monoclinic pyroxene; characteristic of basic rocks. 
Autochthonous: formed in the region where found (contrary: allochthonous). 
Basalt: fine-grained, dark-colored igneous rock; contains 48 - 52% silica; chiefly 
composed of plagioclase, feldspar, pyroxene, but also of other minerals, e.g. olivine 
and ilmenite; most common volcanic rock on the terrestrial planets. 
Bedrock: solid rock underlying the soil and regolith or exposed at the surface. 
Biotite: K(Fe2+ ,Mgh(AISi30 IO)(OH,Fh; igneous rock of the mica group. 
Boninite: group of high MgO (> 6 wt% MgO) andesites. 
Breccia: rock consisting of broken fragments of rock (clasts) cemented together 
by a fine-grained matrix; formed from regolith during subsequent impacts. 
Bronzite: a pyroxene with about 20% FeSi03 . 

Calcite: calcium carbonate, CaC03 ; major constituent of limestone. 
Clast: rock fragment within a breccia. 
Clay Minerals: finely crystalline, hydrous silicates; weathering or hydrothermal 
alteration product of, e.g.,jeldspar, pyroxene, and amphibole. 
Dacite: light-gray igneous rock from magmas erupting at '"'-'800-1000°C; contains 
63 - 68% silica; composed of plagioclase, pyroxene, amphibole and iron oxide. 
Diaplectic Glass: natural glass formed by shock pressure from any of several 
minerals without melting. 
Diorite: speckled black and white, equigranular or porphyritic rock; mainly pla­
gioclase and hornblende, also may contain biotite and pyroxene. 
Dunite: coarse-grained igneous rock composed almost entirely of olivine. 
Diopside: CaMgSh06; found e.g. in metamorphosed siliceous limestones. 
Eclogite: extremely high-grade metamorphic ultramafic rock containing garnet 
and (clino-) pyroxene; high pressure form of mid-ocean ridge basalts and picrite. 
Enstatite: belonging to the pyroxene group; MgSi03. 

Epsomite: MgS047H20. 
Extrusion: igneous rocks erupted on the surface. 
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Feldspar: aluminosilicate mineral; positive ions of K, Na, and Ca fill interstices of 
negatively charged framework of silicon-oxygen and aluminum-oxygen tetrahedra; 
depending on composition monoclinic or triclinic. 
Ferrosilite: belonging to the pyroxene group; FeSi03. 
Ferrihydrite: Fe5070H.H20. 
Gabbro: coarse-grained igneous rock rich in olivine, pyroxene, and plagioclase. 
Garnet: high-pressure, deep-seated mineral in eclogite; A3B2(Si04h where A = 
Ca, Mg, Fe+2, and Mn+2, and B = AI, Fe+3, Mn+3, V+3 and Cr. 
Gibbsite: mineral formed by weathering of igneous rocks; AI(OHh. 
Glass: fused from dissolved silica and silicates that also contain soda and lime. 
Goethite: FeO(OH). 
Granite: coarse-grained igneous rock composed of orthoclase, albite, quartz, and 
lesser amounts of mica, hornblende, or augite; mean silica content is 72%. 
Granulite: metamorphic rock composed of granular minerals of uniform size, as 
quartz, feldspar, or pyroxene, and showing a definite banding. 
Gypsum: hydrous calcium sulfate, usually CaS042H20, but may occur in many 
different mineralogical forms depending on the degree of hydration. 
Halite: NaCl. 
Harzburgite: ultramafic rock, mainly composed of olivine and orthopyroxene. 
Hematite: Fe203; most abundant ore of iron on Earth, found as sublimation prod­
uct from volcanic activity or in regionally metamorphosed rocks; only mineral 
found in a strong regional concentration on Mars by MGSITES. 
Hornblende: dark-green to black mineral of the amphibole group. 
Hypersthene: a pyroxene with 22 - 30% FeSi03. 
Iddingsite: weathered olivine; cracks may be filled with serpentine or goethite. 
Igneous: involving the solidification of hot, molten magma or lava. 
Ilmenite: FeTi03; black; hexagonal crystal. 
Impact Melt: rock that melts during impact crater formation. 
Intrusion: igneous rocks, forced as magma into other rock formations underground. 
Kaolinite: a clay mineral, AhSi20s(OH)4, formed by hydrothermal alteration or 
weathering of aluminosilicates, especially feldspars. 
Labradorite: variety of plagioclase feldspar. 
Lava: fluid magma that flows onto the surface of a planet or the Moon and the rock 
formed by its solidification; erupts from a volcano or fissure. 
Lherzolite: ultramafic rock composed of olivine, pyroxene, spinel, plagioclase. 
Mafic: of or pertaining to rocks rich in dark, ferromagnesian minerals. 
Magma: molten rock in a planet's interior; called lava, when it reaches the surface. 
Magnesite: MgC03. 
Magnetite: Fe304; member of the spinel group. 
Maskelynite: diaplectic plagioclase glass formed by a solid-state transformation 
during a large impact event. 
Matrix: solid matter in which a fossil, crystal, or rock fragment is embedded. 
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Metamorphic: pertaining to rocks that have recrystallized in a solid state as a result 
of changes in temperature, pressure, and chemical environment. 
Mica: hydrous silicates of Al with various bases (K, Mg, Fe, and Li). 
Mineral: inorganic substance of definite chemical composition and usually of defi­
nite crystal structure; some rocks consist of only one type of mineral such as quartz 
or feldspar, most rocks contain several minerals, however. 
Montmorillonite: synonymous with Smectite. 
Monzodiorites: heterogeneous mass of monzonite and diorite. 
Monzonite: intrusive igneous rock composed of plagioclase and potash feldspar, 
and less amounts of biotite, hornblende, and sometimes ortho-pyroxene. 
Norite: igneous rock of the highlands composed of plagioclase and pyroxene. 
Obsidian: volcanic silica glass, Si02; glassy equivalent of granite. 
Olivine: rock-forming igneous silicate mineral; (Mg,Fe)2Si04. 
Ophitic: rock texture in which lath-shaped plagioclase crystals are enclosed wholly 
or in part in later-formed augite. 
Orthoclase: also called potassium feldspar, KAISi30 s. 
Palagonite: poorly crystalline ash, partly hydrated alterated volcanic glass. 
Peridotite: coarse-grained igneous rock consisting largely of olivine. 
Perovskite: yellow, brown, or grayish-black ultramafic mineral. 
Phenocryst: any of the conspicuous coarse crystals in a porphyritic rock. 
Phyllosilicates: minerals such as clay or micas which contain structural OH and 
whose Si atoms are arranged in a sheet structure. 
Picrite: relatively rare, olivine-rich rock in high MgO magma. 
Plagioclase: light-colored feldspar ranging from NaAISi30 s to CaAh Si20 s. 
Plutonic Rock: coarse-grained intrusive igneous rock that cooled slowly at depth. 
Poikilitic: see texture. 
Polymict: pertaining to multiple rock-types combined in a single rock. 
Polymorph: mineral with the same composition as another, but with a different 
crystal structure; e.g., diamond and graphite are well-known carbon polymorphs. 
Porosity: percentage of the total rock or soil volume that consists of open spaces. 
Porphyry: igneous rock containing phenocrysts in a finer-grained ground mass. 
Pyroxene: group of ferromagnesian silicates with a single chain (double chain: 
see amphibole) of silicon-oxygen tetrahedra; (Fe,Mg,Ca)Si03 ; crystal structure 
is monoclinic (Clinopyroxene) and orthorhombic (Orthopyroxene, varying from 
enstatite to ferrosilite); common in basalt;. 
Pyroxenite: igneous rock composed largely of pyroxene. 
Quartz: pure crystalline Si02. 

Rhodochrosite: MnC03. 

Schwertmannite: Fe~t016(OH)dS04h. 
Sedimentary: rock formed when sediment is compacted and lithified. 
Serpentine: major rock forming silicate formed by metamorphism and hydrother­
mal alteration of mafic minerals; (Mg,FehShOs(OH)4; colorless to pale green. 
Siderite: FeC03 ; named in 1845 from the Greek sideros, for iron. 
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Silica: Si02. 
Silicate: variety of minerals that contain Si, 0, and one or more metals. 
Sill: tabular, parallel-sided sheet of igneous layered rock, formed underground. 
Smectite: clay mineral with (~CaNa)o.7(AIMgFe)4Si802o(OHknH20 as approx­
imate composition; isomorphous substitution gives the various types and causes a 
net permanent charge balanced by cations in such a manner that water may move 
between the sheets, giving very plastic properties; essentially synonymous with 
Montmorillonite. 
Spinel: mafic rock without plagioclase and peridotite; (magnesium-iron) aluminum 
silicate material, e.g. MgAh04; has great hardness; forms octahedral crystals. 
Textures: are characterized for igneous rocks on the basis of grain size and shape, 
and mineral orientation and proportions: fine grained « 1 mm), medium grained 
(1-5 mm), coarse grained (5-30 mm), or pegmatitic (>30 mm); poikilitic, ophitic, 
and subophitic. 
Thrust Fault: low-angle fault in which rock above the fault plane moves up in 
relation to rock below. 
Thin Section: thin rock slice, '"'-'20 fLm thick, used for studies with a microscope. 
Troctolite: igneous, lunar highland rock composed of plagioclase and olivine. 
Troilite: mineral with chemical formula FeS. 
Weathering: mechanical breakdown and chemical alteration of rocks and minerals 
during exposure to air, moisture, frost, or organic matter. 

6. Geochemical Processes and Related Terms 

Activity: dimensionless effective concentration, a. For a solute species, i, the ac­
tivity is given by ai = Yimi where mi is the molal concentration (mol kg-I) and Yi 
is an activity coefficient (kg mol-I) that takes account of the interference of other 
ions and molecules in a real solution. 
Aerosol: particles of liquid or solid dispersed as a suspension in gas. 
Albedo: ratio of the outgoing solar radiation reflected by an object to the incoming 
solar radiation incident upon it. 
Bulk Composition: chemical composition of an object averaged over its whole 
volume. 
Chalcophile Elements: metals of the center and right-hand side of the periodic 
table (e.g. Cu, Zn, Sb, As, Pb, Sn, Cd, Hg, Ag); occur chiefly in sulfide minerals. 
Core Formation: process during planetary growth that gravitationally segregates 
metallic iron in the molten interior to form a magnetic core; the heat sources for 
melting the iron can be impacts (in a first phase), radioactive nuclei, sinking of 
molten iron towards the center, etc. 
Chemical Fractionation: see Differentiation. 
Cumulate Layers: layers of igneous rocks that formed by aggregation of crystals 
during solidification in a magma chamber. 
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Differentiation: process of developing more than one type of igneous rock, in situ, 
from a common magma; also, chemical separation of materials in a planetary body 
during melting, allowing heavier elements to sink towards the center of the layered 
mass to form chemically distinct zones, e.g. core, mantle, and crust. 
Fractional Crystallization: selective or partial crystallization of a magma, in which 
the early formed crystals are prevented from equilibrating with the parent liquid, 
resulting in a series of residual liquids of more extreme composition than would 
have resulted from continuous reaction. 
Fugacity (of Oxygen): thermodynamic measure of the tendency of a substance 
(oxygen) to escape by some chemical process from the phase in which it exists. 
Impact Erosion of Volatiles: loss of volatiles, especially atmospheric, during im­
pact events. 
Lithophile Elements: have higher chemical affinity for silicate rocks than for 
sulfides or for a metallic state, e.g. AI. 
Mass-dependent Fractionation: fractionation of the isotopes of an element re­
sulting from processes that depend on thermodynamic and kinetic effects such as 
gravity and temperature e.g. the preferential gravitational escape of Hover D in the 
martian atmosphere, or the exchange of oxygen between a fluid and mineral. 
Mass-independent Fractionation: isotope fractionation of an element due to nu­
clear or chemical processes (e.g. arising from photochemical reactions). 
Phase Transition: transition of matter from one state with specific physical and 
chemical properties to another, e.g. transition of a solid from one crystal structure 
to another, possibly changing magnetic properties. 
Radiometric Age: "absolute age" of a geologic event, feature, fossil, or rock; 
determined by using natural radioactive "clocks", e.g., the radioactive decay of 
naturally occurring 40K to stable 40 Ar with a half-life of '" 1.3 Gyr. 
Refractory Elements: any chemical element that vaporizes at high temperatures 
(e.g. Ca, AI, U, and the rare earth elements, such as Ce). 
Siderophile Elements: have high chemical affinity to Fe (e.g. Ir, Os, Pt, Pd); found 
in the metal-rich interiors of chemically segregated asteroids and planets. 
Volatile Elements: any chemical element that vaporizes at relatively low tempera­
tures (e.g. H20, CO2, CO, CH4 , NH3, K-, Na-, Pb-compounds). 

References 

Graham et ai.: 1985, 'Catalogue of Meteorites', Univ. Arizona Press, Tucson, 460 p. 
Hartmann, W. K.: 1966, 'Martian Cratering', Icarus 5, 565. 
Hartmann, W. K.: 1973, 'Ancient Lunar Mega-Regolith and Subsurface Structure', Icarus 18, 634. 
StOffler, D., and Ryder, G.: 'Stratigraphy and Isotope Ages of Lunar Geologic Units: Chronological 

Standard for the Inner Solar System', this volume. 
Tanaka, K.L.: 1986, 'The Stratigraphy of Mars', 1. Geophys. Res. 91, suppl., 139-158. 



SUBJECT INDEX 

Abundances, see Elemental and iso­
topic 

Accretion, 195, 197 
duration, 245 
heterogeneity in solar nebula, 210 
homogeneous, 207, 245 
time scale, 221 
volatiles, 328, 447 

Aeolian processes 
classes of, 393 
timing, 393 

Ages, see Radiometric ages, Dating, 
Crater chronology 

4.5 Gyr isochron for mantle, 213 
Airborne dust, 309 
Alteration products 

in rocks (Table), 367 
Amazonian Period, 186,265,280 

channels, 352 
duration, 184 
epochs in, 186 
fioods,349 

Amazonian/Hesperian boundary, 239 
Andesites, 297, 304, 317, 325 
Asteroids 

collisions, 80 
cratering record, 77 
resonances, 88 
size-distribution, 78 

Atmosphere 
ancient, 448 
climate in past, 277 
CO2 and its stability, 415 
CO2 depletion, 305 
CO2 inventory, 443 
CO2 photodissociation reactions, 

415 

Space Science Reviews 96: 483-491, 2001. 
© 2001 Kluwer Academic Publishers. 

CO2 seasonal variation, 412 
composition (Table), 412, 417 
DIH ratio, 419 
differences from Earth, 450 
early conditions constrained by 

rocks,365,381,432,448,462 
early origin, 213 
evolution, 425, 442 
fractionation, 425 
history of studies, 411, 426 
hydrodynamic escape, 443 
impact erosion, 381,442 
isotopic composition, 383, 411, 

425 
loss mechanisms, 425 
N depletion, 305 
nitrogen loss, 426, 442 
noble gases, 426 
outgassing, 447 
oxygen compounds, 417 
present properties, 411 
sources of volatiles, 450 
spectrum, 412, 413 
surface pressure, 411 

Backscatter spectrum, 294, 317 
Basalts, 268, 269, 297, 317, 366 

distribution, 304 
origins, 203 
siderophile abundances, 199 

Biology, 298, 468 
Bright regions, 297, 306 

clay minerals, 308 
palagonite, 308 
spectra, 307 

Brines, 365, 371 
Bulk composition, 195, 198 



484 SUBJECT INDEX 

Carbonaceous chondrites 
as water source, 425 
component in Mars, 208 

Carbonates, 365,372,441,463 
(Figure), 369 
(Table), 367 
ALH8400l, 114, 121,378 
biological connection, 298 
in airborne dust, 310 
in crust, 382 
prevented by S03, 321, 328 
relation to CO2 loss, 305 

Channels, 333, 334 
ages, 351, 465, 468 
alternatives to water, 273 
lineated valley fill, 340 
origin hypotheses, 337 
outflow channels, 273, 334 
seeps, 352 
valley networks, 273, 335 

Chondri tic material 
added to Mars, 195 

Clay minerals, 295, 308, 368, 373 
(Table), 367 
in airborne dust, 310 

Climate, see also Atmosphere 
channel formation and, 350 
early, 277, 352 
early wind regime, 277, 399 
related to evaporites, 381 
requirements for fluvial activity, 

349 
temperatures indicated by Mar­

tian meteorites, 381 
Comets, 87, 89, 166, 168,443 
Composition 

airborne dust, 310 
bulk, 195 
Pathfinder APX results, 319 
rocks (Pathfinder), 319 
soils (Pathfinder), 319 
surface materials, 293 

Convection, 198,246-249,251-256 

Core, 206 
chemistry during formation, 237 
convection in, 254 
dimensions, 237 
dynamo, 254 
formation of, 195, 198,208,213, 

216,246,277 
formation on Earth, 215 
formation on eucrite parent body, 

215 
heat flow from, 255 
mass, 238 
size, 195,257 
sulfur content, 237 
thermally driven dynamo vs. chem­

ically driven, 256 
Crater chronology, 55, 163,461 

crater retention age, 173, 181 
crater retention ages, 164 
crater-forming projectiles, 87 
cratering rate vs. time (lunar), 44 
DL method, 14 
deposition effects, 179 
history of studies, 56, 164 
isochrons, 170 
lunar crater density vs. age, 34 
lunar stratigraphic system, 15, 17 
production function, 56, 58, 98, 

100, 164 
Rbolide, 91, 168 
Rcrater, 168 
related to Martian rocks, 163 
saturation equilibrium, 170 
steady state size distribution (un-

der influence of infill), 181 
stratigraphic system ages, 183 
uncertainties, 167, 185,280 

Cratering 
effects on atmosphere, 444 
gardening effects on early volatiles, 

451 
production function, 56, 164 
time dependence, 187 



SUBJECT INDEX 485 

Cratering rate 
asteroidal, 70 
cometary, 69 
comparison for different planets, 

94 
eccentricity dependence, 96 
flux estimate, 89 
Mars/moon ratio, 168 
planetesimals, 71 
time dependence, 44, 67 

Craters 
impacts into icy material, 338 
lobate ejecta, 338 
obliteration by infill, 179 
pedestal, 397 
rampart, 275, 338, 408 

Crust, 163 
components in Martian meteorites, 

282 
dichotomy, 198,234,247,270 
evidence for heterogeneity, 322 
formation, 252 
thickness, 231, 235, 252 
two rock types, 233 

Cryolithosphere, 339 
Cryosphere, 350 
Cumulate rocks, 127 

D, DIH, HDO, see Deuterium 
Dark materials, 308 
Dark regions, 297 

spectra, 307 
Dates, see Radiometric ages 
Dating 

aqueous alteration effects, 385 
channels, 351 
crater techniques, 55 
cratered surfaces, 163 
errors due to evaporites, 469 
Hafnium-Tungsten chronometry, 

215 
Martian meteorites, 105 

Martian meteorites (Tables), 121, 
137 

methods, 14,55, 163, 167 
Deflation, 277 
Density 

internal distribution (Figure), 240 
Deposition, 393, 398 

crater infill, 179,464 
rates in craters, 182 
rates in various periods, 182 

Deuterium, 366, 377, 382, 383, 419, 
441,446 

Differentiation, 195, 213, 216, 245, 
247,277,302,462 

Dunes, 393, 398 
Dust, 309 

aerosols, 419 
cemented, 308 
composition, 419 
creep, 395 
saltation, 395 
suspension, 395 

Dust devils, 395 

Earth 
bolide data, 75 
core size, 198 

Elemental abundances, 195,294 
bright soils, 306 
major elements, 199 
Table, 205 

Erosion, 393 
decline in Noachian, 353 
rates, 397 

Eskers, 344 
Evaporites, 325, 365 
Exhumation, 393, 399, 464 

Fluvial activity, 188, 385 
aquifers, 405 
time dependence, 187, 405 

Fluvial features, see Channels 
Fragmentation, collisional, 57 



486 SUBJECT INDEX 

Frost mounds, 343 
Frosts, 310 

General circulation models, 394 
Geophysics 

Martian evolution, 231 
Giant impact, 195, 196 
Glacial landforms, 274, 339 
Glass, 326 
Gravity field, 233 

map, 234 
Groundwater, 337,350 

Heat production, 246 
Hematite, 302, 308, 464 

as source for Fe in soils, 325 
Hesperian Period, 265 

channels, 352 
duration, 183 
floods, 349 
fluvial activity, 279 
volcanism, 278 

Hesperian/ Amazonian boundary, 184, 
186 

Highlands, 163 
Hydrologic cycle, 333 
Hydrothermal activity, 298, 302, 365, 

371,373,405 

Ice, see Water 
Iddingsite, 368 
Ilmenite 

effect on basalts, 201 
in moon, 199 

Impact, 195, 196 
melts, 16 
seasons, 91 

Iron content, 200 
Isotope abundances, 211, 245, 374, 

418 
argon, 433 
carbon, 376, 440 
fractionation, 375 
heterogeneity of early Mars, 212 

hydrogen, 376,440 
krypton, 436 
neon, 438 
nitrogen, 434 
oxygen, 195,209,374,418,440 
secondary minerals, 369 
sulphur, 377,440 
xenon, 429,435 

Isotope geochemistry 
Hafnium-Tungsten chronometry, 

215 
implications for differentiation, 216 

Leaching, 372 
Lineated valley fill, 340 
Lithophiles, 201 
Lithosphere 

deformation, 242 
deformation by Tharsis, 272 
thickness, 232, 236 

Lobate debris aprons, 274, 340 

Magnetism 
implications, 232, 243, 277 
in rocks, 298 
map of, 243 

Mantle 
4.5 Gyr isochron, 213 
composition, 237 
convection, 247 
density, 235 
differentiation, 326 
heterogeneities, 245 
initial temperature, 254 
melting, 326 
oxidizing state, 237 
phase transitions, 206, 256 
timescale for heterogeneities, 245 

Martian geographic locations 
Acidalia Planitia, 308, 345 
Alba Patera, 241, 268, 274 
Amazonis Planitia, 167, 174,308, 

335, 347 
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Arabia Terra, 308 
Ares Vallis, 273, 317, 318, 351 
Argyre, 244, 344, 351 
Arsia Mons, 173 
Chryse Planitia, 177, 273, 308, 

348 
Chryse-Acidalia basin, 335 
Claritas Fossae, 278, 309 
Coprates Chasma, 299 
Daedalia Planum, 309 
Deucalionis Regio, 309 
Dorsa Argentea Formation, 280 
Echus Chasma, 346 
Elysium Planitia, 167, 173, 180, 

240,308,335,347 
Eos Chasma, 299 
Ganges Chasma, 346 
Granicus Vallis, 347 
Hadriaca Patera, 346 
Hecates Tholus, 241 
Hellas, 233, 235, 244, 278, 335, 

346, 351 
Hesperia Planitia, 269 
Hrad Vallis, 351 
Isidis, 307 
Kasei Vallis, 273, 274,351 
Ladon Vallis, 351 
Lahars, 269 
Lunae Planum, 303, 307 
Lybia, 307 
Mawrth,274 
Maya Vallis, 273, 351 
Melas Chasma, 299 
Nili Fossae, 303 
Nirgal Vallis, 181 
North Pole, 280 
Northern Lowlands, 240, 249 
Olympus Mons, 176, 240, 307 
Ophir Planum, 299, 304 
Oxia Palus, 307, 308 
Propontis I, 309 
Schiaparelli crater, 373 
Shalbatana Vallis, 274 

Simud Vallis, 274 
Sinus Meridiani, 309 
Sirenum Fossae, 309 
Solis Planum, 304 
South Pole, 280 
Syrtis Isidis, 299 
Syrtis Major, 299 
Tempe Terra, 270 
Terra Cimmeria, 244, 250 
Terra Sirenum, 244, 250 
Tharsis, 233, 242, 249, 268, 271, 

278 
Tharsis Planitia, 240, 299 
Tiu Vallis, 273, 351 
Utopia Planitia, 339, 345 
Valles Marineris, 241, 270, 299, 

304, 307, 346 
Vastitas Borealis Formation, 278, 

280 
Viking landing sites, 177,294,304, 

308 
White Rock, 373 
Xanthe Terra, 335 

Martian meteorites, 165, 198 
ages, 105,281,380 
ages (Tables), 121, 128, 137 
ALH84001, 112, 121, 187, 373, 

374,378 
ALH84001 (Crystallization), 113 
alteration assemblages in, 365 
atmosphere volatiles, 428 
basaltic shergottites, 109, 112 
carbonates, 367 
Chassigny, 111, 113,367 
collisions in space, 143 
compared to surface rocks, 298 
comparison with Pathfinder rocks 

and soils, 321 
CRE ages (Tables), 137 
crystallization ages, 105 
EETA 79001, 367 
ejection ages (Table), 137 
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ejection from Mars, 105, 136, 143, 
165 

evaporites in (Table), 367 
gases from Mars interior, 439 
geochemistry, 109 
Governador, 367 
history of studies, 4, 106, 166 
igneous crystallization of, 112 
isotopic chemistry, 207 
Lafayette, 367, 378 
LEW88516,367 
Lherzolitic shergottites, 110, 112 
Martian origin, 106 
mineralogy, 109 
missing age interval, 189 
Nakhlites, 111, 113,369 
petrography, 109 
secondary minerals (Table), 367 
Shergottites, 367 
shock metamorphism, 114 
shock pressure (Table), 116 
shock pressures, 140 
sources on Mars, 145,282 
terrestrial ages (Table), 137 
upland sources, 189 
Zagami,367 

Martian meterorites 
Shergottites, 106, 109,301,368, 

375 
Megaregolith, 163 
Mercury 

cratering record, 73 
high density, 198 

Meteorites from Mars, see Martian me­
teorites 

Meteorites, lunar, see Moon, Mete-
orites 

Mineralogy, 293 
Moment of inertia, 232 
Moon 

ages of rocks (Table), 31 
Apollo missions, 22 
Autolycus and Aristillus, 42 

basin impact ages, 9, 32, 33 
cataclysm, 44 
cone crater, 44 
Copernican System, 21, 34, 42 
Copernicus, 15, 17,43 
crater densities, 15, 17 
crater density vs. age, 34 
crust, 11 
Eratosthenian System, 20, 34, 42 
formation, 196 
Fra Mauro formation, 23 
glasses, 39 
highlands, 26 
Imbrian System, 19,34,36,38 
Imbrium impact, 36 
impact basin ages, 30 
impact melts, 16 
landing sites, 22 
Luna missions, 27 
magma ocean, 11 
mare basalts, 12 
meteorites, 28 
Nectarian System, 17, 18,29,30, 

34 
Orientale impact, 38 
rock ages (table), 31 
South Ray Crater, 44 
stratigraphic system, 16, 34 
Tycho,43 
Upland crater density, 171 

Moraines, 344 
Morphology 

young vs. old surfaces, 164 

Nakhlites, see Martian meteorites 
Nitrogen 

depletion of, 305 
Noachian Period, 185,240,265 

channels, 352 
duration, 183 
erosion rate, 352 

Oceans, 346, see Water 
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evidence from evaporites, 384 
Olivine-rich areas, 303 
Outgassing, 447 
Oxygen isotopes, 195,209,374,418, 

440 

Palagonite, 308 
Pathfinder 

aeolian features, 400 
rocks and soils, 317, 321 

Periglacial activity, 187, 188, 339 
Permafrost, 173, 274, 305, 308, 337, 

339,342,343,405-407,409, 
412 

Phase transitions, 198 
Phobos 

crater densities, 170 
Phosphorous, 195, 200, 321 
Planets 

formation processes, 196 
giant impact effects, 196 

Plate tectonics 
500 Myr model, 251 
absence on Mars, 216, 233 

Playas, 126 
Polar ice caps, 297, 310 
Polar wandering, 270 
Polygons, 275, 340 
Pseudocraters, 269 

Radiometric ages 
Ar-Ar,107 
Rb-Sr,107 

Rocks 
accretion timescale, 461 
alteration assemblages, 365,461 
alteration assemblages (Table), 367 
compositions, 297, 319, 462 
cumulates, 208 
distribution of main types, 304 
hematite concentrations, 302 
mineralogic composition, 302 
olivine concentrations, 302 

sedimentary on Mars, 322, 328 
spectra of main types, 303 

Saltation, 396 
Salts, 306 

(Table), 367 
Sediments, sedimentary, 275, 277-279, 

295,297,328,339-341,343, 
346,372,382,396,398,401, 
463-465 

Seeps, 371, 405 
Iceland analogs, 406 

Seismic network, 236 
Shergottites, see Martian meteorites 
Shock 

metamorphism, 114 
Shock effects, 140 
Shocks 

metamorphism, 282 
remobilization, 372 

Siderophiles, 195,202 
SNC's, see Martian meteorites 
Softened terrain, 274, 340 
Soils 

compositions, 319 
relation to rock weathering, 322 

Solar nebula 
isotopic heterogeneity, 210 

Spacecraft investigations 
aerosol composition, 420 
APX spectrometer, 317 
atmosphere sputtering, 445 
heat flow measurement, 257 
heterodyne spectroscopy, 415 
isotope ratios, 420 
microwave heterodyne spectroscopy, 

420 
Mineralogical studies, 293 
OMEGA,312 
Pathfinder rock analyses, 317 
sample return, 283 
sample return from Mars, 468 
sample return from Moon, 468 
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seismic network, 236 
seismology, 257 
spectrometers, 312 
stereo imagery, 353 
water vapor distribution, 420 

Spectrometry, 294 
Spectrum, 294, 303 
Spin axis, 401 
Strain 

circumferential, 242 
Stratigraphic system, 165, 183,265 
Sulphur 

role in geochemistry, 441 
Syrtis Major, 308 

Tectonics, 239, 241, 270 
graben, 270 
single plate, 249 
Tharsis in history, 271 

Terrain softening, see Softened terrain 
Thaumasia, 270 
Thermal history, 248 
Thermal inertia, 308 
Thermokarst features, 342 
Topography, 233 

map, 466, 467 

Ultramafic reservoir, 203 
Upland 

channels, 352 

Valley networks, see Channels 
Veneer, 425 

carbonaceous chondrites, 451 
volatile addition, 195,208,443 

Ventifacts, 393, 397 
Venus 

cratering record, 74 
Viscous flow features, 236, 274, 340, 

343 
Volatiles, 196,208,328,428,442,449, 

450 
effects in mantle, 198 
history of, 213, 445, 447 

Volcanism, 240, 268 
ages, 173, 187, 278 
magma production rate, 269 
total magma volume, 269 
young, 232 

Water, see also Channels 
abundance measurements, 414 
brine freezing temperatures, 371 
causes of mobilization, 386 
Chryse floods, 348 
composition of Martian fluids, 378 
cycle between poles, 412 
evaporation, 371, 380 
evaporite layers, 371 
evidence from Martian rocks, 365 
floods, 371 
fluvial activity, 333 
glaciation evidence, 339 
ground ice, 341,350,407 
groundwater, 350, 371 
hydration, 306, 309 
ice at poles, 297, 310 
in shergottites, 366 
interannual variation, 416 
losses, 446 
mantle sources, 203 
ocean, 346,443,463 
oceans, 275 
of hydration, 299 
origin on Mars, 203, 209 
pC02,381 
pH,381 
release by magma, 273 
seasonal variation, 416 
sources, 348 
total amount, 443 
total on early Mars, 451 
vertical distribution of water va­

por, 416 
volume at north pole, 348 
volume from outflow channels, 

347 
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volume in atmosphere, 348 
volume of possible ocean, 347 

Wind,395 
deflation, 277 
erosion rates, 397 
streaks, 277, 394 

Wrinkle ridges, 269 

491 



Acronyms 

APXS 
ASPERA 
AU 
BSE 
CAl 
CATWG 
CMB 
CRA 
CRE 
EUV 
GCM 
HED 
HREE 
HSE 
HST 
IMP 
IR 
IRAS 
IRTM 
ISM 
IRIS 
ISO 
JFC 
JPL 
KAO 
KREE 
KRMF 
LIL 
LPC 
LPI 
LREE 
MAGIER 
MAWD 
MB 
MGS 
MIRO 
MOC 

LIST OF ACRONYMS AND BASIC MARS DATA 

Alpha-Proton X-ray Spectrometer 
Automatic Space Plasma Experiment with Rotating Analyzer 
Astronomical Unit, 1.496 x 1011 m 
Bulk Silicate Earth 
Ca,AI rich Inclusions 
Crater Analysis Techniques Working Group 
Core-Mantle Boundary 
Crater Retention Age 
Cosmic Ray Exposure ages 
Extreme Ultraviolet 
General Circulation Model 
Howardite, Eucrite, and Diogenite meteorites 
Heavy Rare Earth Elements 
Highly Siderophile Elements 
Hubble Space Telescope 
Imager for Mars Pathfinder 
Infrared 
Infrared Astronomical Satellite 
Infrared Thermal Mapping instrument 
Infrared Imaging Spectrometer onboard Phobos-2 
Infrared Spectrometer on the Voyager Spacecraft 
Infrared Space Observatory 
Jupiter-family Comets 
Jet Propulsion Laboratory 
Kuiper Airborne Observatory 
K for potassium, see REE 
Infrared Radiometer/Spectrometer onboard Phobos-2 
Large Ion Lithophile 
Long-period Comets 
Lunar and Planetary Institute, Houston 
Light Rare Earth Elements 
Magnetometer and Electron Reflectometer onboard MGS 
Mars Atmospheric Water Detector onboard Viking Orbiter 1 
Main Belt 
Mars Global Surveyor 
Microwave Spectrometer Instrument for the ROSETTA Orbiter 
Mars Orbital Camera 
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Mol 
MOLA 
MORB 
NEA 
NIR 
OIB 
OMEGA 
PAH 
PCA 
PSI 
QMF 
REE 
SFD 
SMOW 
SNC 
TEM 
TES 
THEMIS 
USGS 
UV 
XRFS 

ACRONYMS AND BASIC MARS DATA 

Moment of Inertia factor 
Mars Orbiter Laser Altimeter 
Mid Ocean Ridge Basalt 
Near Earth Asteroids 
NearIR 
Ocean Island Basalt 
Infrared Mineralogical Mapping Spectrometer 
Polycyclic Aromatic Hydrocarbons 
Planet Crossing Asteroids 
Planetary Science Institute 
Quartz-Magnetite-Fayalite buffer 
Rare Earth Elements 
Size Frequency Distribution 
Standard Mean Ocean Water 
Shergotty, Nakhla, Chassigny (Martian meteorite classes) 
Transmission Electron Microscope 
Thermal Emission Spectrometer onboard MGS 
Thermal Emission Imaging System 
U.S. Geological Survey 
Ultraviolet 
X-Ray Fluorescence Spectrometer on board Viking 1 and 2 

Basic Mars Data 

Diameter 
Mass 
Gravitation 
Mean Distance from the Sun 
Orbit eccentricity 
Mean speed on orbit 
Length of Martian day 
Length of Martian year 
Magnetic field 
Mean air pressure 
Surface temperature range 
Wind speed on surface 
Wind speed in atmosphere 
Moons 

6794km 
6.42 x 1023 kg 
3.73 ms-2 

1.524 AU 
0.093 
24.14 kms- i 

24h 39 min 35 s = 1 sol 
1.88 yr = 669 sols 
50 -100mT 
"-'6.5 mbar 
140 - 295 K 
2 - 7 ms- i , 5 - 10 ms- i (winter) 
60 - 80 ms- i 

Deimos and Phobos 
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