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1. INTRODUCTION

The Moon is exceptional and important because it is the only planetary body besides the
Earth for which we have both a detailed stratigraphic history and datable rock samples that can
be related to specific geomorphologic units (Fig. 5.1). The Moon has preserved much of its
magmatic and impact record of at least the last 4 billion years. While its endogenic history is
of great interest for the fundamentals of planetary interiors and surfaces, the Moon has become
a calibration plate for the cratering record of the Earth-Moon system, and by extrapolation,
of the entire inner solar system if one assumes a heliocentric origin for impactor populations.
These populations range from asteroids through long and short period comets to interplanetary
dust, and cover a size range from hundreds of kilometers to micrometers.

This chapter reviews the presently available data sets in support of this paradigmatic
assumption, as follows: (1) the phenomenology of lunar impact craters, (2) the terrestrial
record of the impact cratering process and the interpretation of terrestrial impactites as far
as this “ground truth” is relevant for the interpretation of lunar impact craters and datable
lunar impact breccias and melt rocks, (3) the theory and numerical simulation of the cratering
process and the characteristics of the Earth-Moon crossing population of impactors (asteroids
and comets), (4) the principles of relative age dating of lunar surface units and the general
lunar stratigraphy, (5) the stratigraphic significance and ages of lunar samples (impactites and
basalts) and, based on this data set, the absolute ages of lunar surface units, (6) the cratering
rate of the Moon as a function of time, and (7) the time calibration of this cratering rate
based on the most recent data for the ages of multiring basins, mare basalt surfaces, and post-
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Figure 5.1. Telescopic view of the nearside of the Earth’s Moon
with landing sites of the Apollo and Luna missions.

Eratosthenian impact craters such as Copernicus, Tycho, North Ray, Cone, and South Ray.
The present state of the art confirms the concept of an early heavy bombardment of the Moon
before about 3.7 Ga and a more or less constant cratering flux since then, which is compatible
with the relatively restricted terrestrial cratering record and with astronomical observations. It
does, however, not allow firm conclusions about the existence of a terminal lunar cataclysm.
In fact, there are serious but not yet final arguments against this concept. A major obstacle
to solve this question is the lack of absolute ages for heavily cratered highland regions older
than about 4 Ga. Future sample return missions are required to clarify this issue, which is
fundamental to understanding the collisional history of the inner solar system.

2. THE IMPACT CRATERING PROCESS: OBSERVATION AND MODELING

2.1. Morphology and morphometry of lunar impact craters

2.1.1. Morphology. Lunar impact craters exhibit a spectrum of size-dependent
morphologies (e.g., Smith and Sanchez 1973; Howard 1974; Head 1976; Schultz 1976;
Wilhelms et al. 1987). The basic morphologic subdivisions of lunar impact craters with
increasing rim diameter are (1) simple craters, (2) complex craters, and (3) impact basins.
As there can be variations in morphology even within restricted size ranges (e.g., Smith and
Sanchez 1973; Howard 1974, Cintala et al. 1977), it can be difficult to choose a “typical”
member of a given size class of lunar craters. A detailed discussion and classification of lunar
crater morphologies can be found in Schultz (1976).

Simple craters. The classic “bowl shape” of a simple crater is typified by the 10 km di-
ameter (D) crater Alfraganus C (Fig. 5.2). Fresh bowl-shaped craters are actually trapezoidal
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in profile, with walls possessing nearly constant
slopes and small, essentially flat floors (Ravine
and Grieve 1986). Wall failure is generally limited
to small units commonly associated with the floor
hummocks and to scree emplaced after solidifica-
tion of the thin impact melt deposits on the crater
floor. Hummocks and blocks are common on the
floors of these craters, but central peaks do not
emerge until diameters >10 km (Smith and San-
chez 1973; Howard 1974; Head 1976).

Complex craters. Complex craters are highly
modified with respect to simple crater morphology.
When viewed in the context of the full spectrum

Figure 5.2. Alfraganus C (10 km in diameter)
in the lunar central highlands. This crater is

of crater morPhOIOgi?S’ the transition fr'om simple representative of the class of lunar simple
to complex craters is abrupt (e.g., Pike 1974). craters, which are characterized by smooth
Inspection of the individual transitional craters, walls, relatively flat floors, and large depth/

diameter ratios. This view is to the north-east
(portion of Apollo 16 Panoramic Camera
Frame 4615).

however, reveals that the changes in morphology
are more gradual and less than systematic (e.g.,
Smith and Sanchez 1973; Howard 1974; Head
1976). For example, Lalande (D = 25 km) displays
features that are similar to those in the smaller, simple craters, but also includes precursors of
structures and units that are better developed in complex craters. Portions of Lalande’s wall
show only minor evidence of slumping. Overall, however, Lalande exhibits scalloped walls
that begin to exhibit the complexity of the more intricately terraced complex craters. Its central
peaks, on the other hand, are only emerging from the floor and are not the major topographic
features that are characteristic of larger complex craters. Floor hummocks are more imposing
and widespread than those in the simple craters.

Uplift of the crater floor and wall failure are well established in craters the size of Tycho
(D = 85 km, Fig. 5.3). Terraced walls in the rim area are the rule, as are abundant floor
hummocks. A crater of Tycho’s size, or larger, typically exhibits a massive central peak or
a cluster of peaks (Hale and Head 1979). The relative heights and volumes (Hale and Head
1979; Pike 1980a,b; Hale and Grieve 1982) of these peaks increase as a function of size
until diameters of ~80 km, after which both values begin to decrease. Roughly simultaneous
with this change, a ring of roughening on the floor, composed of hummocks arranged quasi-
concentrically with the central structure, begins to appear (Croft 1981a,b; Hale and Grieve
1982). This represents the transition to impact basins.

Peak-ring basins. Central-peak basins, such as Compton (D = 75 km) are relatively small
basins with a fragmentary ring of peaks surrounding a central peak. They are transitional to
peak-ring basins. Peak-ring basins, which have a well-developed ring but lack a central peak,
are found in the 175-450 km size range.

Relatively undegraded peak-ring basins on the Moon are rare, with the freshest example
being the 320 km Schrodinger basin (Fig. 5.4). The interpretation of the interior morphologies
of such basins is usually complicated by impact erosion, subsequent volcanic activity, or both.
Nevertheless, the relevant observations can be made by inspecting a number of examples
(Wilhelms et al. 1987). Additional descriptions of Schrodinger can be found in Hartmann and
Wood (1971), Schultz (1976), and Spudis (1993).

Peak-ring basins are relatively shallow features for their size. Although their depths can be
decreased by erosion or infilling, the fact that details of many interior features are visible (e.g.,
the peak ring and floor hummocks in Schrodinger) indicates that the relative shallowness is a
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Figure 5.3. Tycho (85
km in diameter) in the
southern lunar highlands.
This is a classic complex
lunar crater, with central-
peak cluster, extensive
wall  terracing.  North
is toward the top of the
frame (Lunar Orbiter V
125M).

Figure 5.4. The peak-ring basin Schrédinger (320 km in diameter) near the lunar south pole. Note the
fractured floor and the dark-haloed volcanic vent inside the peak ring, which indicates that even this
relatively fresh basin has undergone some modification from a variety of sources. This view is to the east-
southeast. Antoniadi (140 km in diameter) is the peak-ring basin with the small central peak near the top
left corner of the frame (Lunar Orbiter IV 9M).
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primary characteristic. Wall terraces in the rim area are highly developed, and the ratio of floor
diameter to rim-crest diameter is somewhat greater than in complex craters (Pike 1980a).

Multiring basins. The largest basins are multiring basins. Some researchers find as many
as six concentric rings in the largest basins (e.g., Spudis 1993). Multiring basins are generally
more than 400 km in diameter. The best example is the Orientale Basin, which has been
only partly flooded by post-impact lavas. The definition of diameters for the various basin
features varies among workers, depending on the exact criteria and data sets examined. A
comprehensive treatment of lunar multiring basins can be found in Spudis (1993), which is
also an excellent source of the primary literature on multiring basins. Wieczorek and Phillips
(1999) pointed out that the definition of the crater diameter of multiring basins in the older
literature (Wilhelms et al. 1987; Spudis 1993) is problematic and should no longer be used.
The definition of the final “rim to rim” diameter of a multiring basins is difficult and continues
to be a matter of dispute. Wieczorek and Phillips (1999) argue for smaller diameters than
previously proposed. Their geophysical modeling demonstrates how gravity-field anomalies
measured from satellites may help to improve the interpretation of multiple rings.

The most complete classification of lunar crater shapes is that of Wood and Andersson
(1978), which is based on observations from Lunar Orbiter IV photographs and provides a
compilation of morphologic and morphometric data for 11,462 craters. Crater shape classification
is more detailed than that outlined above, and 18 different crater types are recognized. Some,
however, represent rare variants. Disagreement exists as to whether all observable crater forms
represent distinct morphologic types, whether some forms are transitional stages or erosional
states between accepted end members (Ravine and Grieve 1986), or whether some forms are the
result of effects of varying target properties on crater shape (Cintala et al. 1977).

The catalog of Wood and Andersson (1978) also includes criteria for the classification of
progressively eroded and degraded impact structures. Estimates of “degradation” (extent of ero-
sion) are based on such features as rim continuity, rim sharpness, and infilling of the crater cav-
ity by mass wasting. Class 1 craters are the freshest and least eroded; class 5 craters are the most
degraded and are only marginally recognizable as impact features. Degradational state becomes
important when evaluating the relative formation ages of specific craters or crater populations
(Soderblom 1970; Wilhelms 1984; Wilhelms et al. 1987; see discussion in Section 4).

2.1.2. Morphometry. Morphometry describes the fundamental diameter-dependent
variations in crater topographic features, such as the statistical variation of crater depth with
rim diameter. Detailed measurements of lunar imagery have made it possible to represent the
different geometrical characteristics of lunar impact craters by equations of a power law form:

y=aD" (5.1

where y is a given crater characteristic (e.g., depth, rim height), D is the diameter of the crater
(measured from rim to rim), and a and b are constants. Specific morphometric relations for
what are considered fresh lunar craters are summarized in Table 5.1. It should be noted that the
definition of the rim diameter for multiring basins is still an unsolved problem and there is an
ongoing debate on this issue (e.g., Wieczorek and Phillips 1999).

2.2. Terrestrial impact structures

2.2.1. Structural characteristics and comparison with lunar impact craters. As exempli-
fied above, impact craters on the Moon are recognized by their characteristic morphology. The
terrestrial record of impacts, however, has been severely modified by active geologic processes
and most recognized terrestrial impact craters are far from pristine in appearance. In this regard,
they are better referred to as impact structures as opposed to impact craters, which implies a
specific morphology. Nevertheless, terrestrial impact structures provide the major observational
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Table 5.1. Morphometric relations for fresh lunar impact craters.

Exponent Coefficient

Crater Characteristic D*,km N Source
®) (@)

Simple Craterforms
Depth <15 171 1.010 0.196 (1)
Rim height <15 124 1.014 0.036 2)
Rim diameter <15 117 1.011 0.257 2)
Floor diameter <20 38 1.765 0.031 2)
Interior volume <13 47 3.00 0.040 3)

Complex Craterforms
Depth 12-275 33 0.301 1.044 (1)
Rim height 15-375 38 0.399 0.236 2)
Rim diameter 15-375 46 0.836 0.467 (2)
Floor diameter 20-125 53 1.249 0.187 2)
Diameter (central peak) 17-175 175 1.05 0.016 4)
Basal area central peak 17-136 19 2.19 0.09 5)
Height central peak 17-51 15 1.969 0.589x1073 5)
Central peak volume 17-51 15 5.078 0.987x107 )
Central peak volume 80-136 4 3.599 0.387x10° (®)]
Interior volume 19-150 21 2.31 0.238 3)

Basins**
Diameter ring in central peak and peak ring basins ~ 140-435 12 1.125 0.245 (6)
Diameter inner ring in multi-ring basins 420-1160 13 0.943 0.708 (7)
Diameter intermediate ring in multi-ring basins 420-1160 13 0.970 0.845 (7)
Depth 200-630 7 0.15 2.03 (8)Hok*

Notes: *Range of rim diameter values (D) used to establish relations for other topographic features. N is the number of craters.
Volumes (central peaks, crater interiors, etc.) are in km? (from Heiken et al. 1991). ** Note that the “rim to rim diameter”
of multi-ring basins is controversial as pointed out by Wieczorek and Phillips (1999) who propose smaller values.
##+Power law in Pike’s form. Original fit by Williams and Zuber (1998) is given as: log,, (depth)=0.41*[log,o(D)]>

Sources: (1) Pike 1974; (2) Pike 1977a; (3) Croft 1978; (4) Hale and Head 1979; (5) Hale and Grieve 1982; (6) Head 1977,
(7) Pike and Spudis 1987; (8) Williams and Zuber 1998

constraints of the characteristics of natural impact craters, particularly with respect to the third
dimension, i.e., subsurface characteristics, which are not evident in lunar imagery or sampling.

For example, studies at terrestrial impact structures indicate that, at simple craters, the rim
consists of structurally uplifted target rocks and includes an overturned and inverted flap of
near-surface target materials, which is in turn overlain by ejecta. The bowl-shaped depression
observed in lunar images is only the surface manifestation of a simple crater. This bowl-shaped
depression is sometimes referred to as the “apparent” crater. Terrestrial data indicate that it is
actually the uppermost surface of an underlying allochthonous breccia lens, which is parabolic
in cross-section and contained by fractured but allochthonous and parautochthonous target
rocks (Fig. 5.5). The crater defined by the parautochthonous target rocks is referred to as the
true crater.

At larger diameters, the crater structure evolves, as on the Moon, into complex structures,
which consist of a structurally complex rim, a down-faulted annular trough, and a structurally
uplifted central area (Fig. 5.6). As with simple structures, complex structures are partly filled
by allochthonous material, such as breccias and impact-melt rocks, and an apparent and true
crater can be defined (Fig. 5.6). The uplifted central area has initially the topographic form of
a central peak, which rises above the floor of the structure and has a height that generally does
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Simple crater - final form
D

Autochthonous
target rocks

{minor fall back)
breccia fill

Basal melt pool

Figure 5.5. Schematic cross-section of a simple crater. D is the diameter and d, and d; are the depths of the
apparent and true crater, respectively. See text for details.

Complex structure - final form

Central Uplift Area

"Autochthonous" D MeanIIo_chthonous
crater floor cp breccia sheet

Figure 5.6. Schematic cross-section of a complex impact structure. Notation as in Figure 5.5 with SU
corresponding to structural uplift and D,, to the diameter of the central uplift. Note preservation of beds in
outer annular trough of the structure with excavation limited to the central area. See text for details.

not exceed the depth from the rim to the floor (Fig. 5.6). With increasing diameter, the central
peak is accompanied by a fragmentary ring (a central-peak basin).

Most large, terrestrial complex structures are eroded to varying degrees. There are,
however, a number of complex impact structures, which were buried by post-impact sediments
almost immediately after formation (e.g., Chicxulub, Mexico; Montagnais, Canada; Puchezh-
Katunki, Russia; Ries, Germany), and presumably have a nearly pristine form. They can,
however, only be delineated by drill-hole and geophysical data, thus the exact details of their
morphologies are generally not well known except for the Ries, which was exhumed as late
as Pleistocene. Only the largest terrestrial impact structures have the potential to be peak-ring
basins or multiring basins. Unfortunately, the largest structures - Chicxulub, Mexico; Sudbury,
Canada; and Vredefort, South Africa - are either buried, tectonically modified, or eroded. Their
original detailed morphology cannot be defined with confidence, although they are assumed
to represent multiple-ring or peak-ring basins (e.g., Sharpton et al. 1993; Stoffler et al. 1994;
Hildebrand et al. 1995; Spray and Thompson 1995; Grieve and Therriault 2000). In the case
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of Chicxulub, reflection seismic data have imaged a faulted rim area and a topographic peak
ring. Closer to the center, however, there is a loss of coherent seismic reflections and structural
details are not known (Morgan and Warner 1999).

There is a desire to compare terrestrial impact structures with lunar impact craters (e.g., Pike
1985), and to assume a greater equivalence in detailed morphology than the observational data
may support. Planetary environments result in important differences. For example, secondary
target effects on Earth include the transition from simple to complex forms at diameters of
~2 km and ~4 km, depending on whether the target rocks are sedimentary or crystalline,
respectively. Some complex impact structures in mixed or largely sedimentary targets do
not appear to develop topographically high central peaks. For example, Ries (Germany) and
Haughton (Canada) are of similar size (D = ~25 km) and age, and have no emergent central
peak. In contrast, Boltysh (Ukraine), which is of a similar size but in a crystalline target, has
a central peak that is emergent from the surrounding ~300 m of impact lithologies filling the
structure. All these structures have been affected by only minor erosion, and at this time,
there is no clear explanation for this difference in their morphologies. However, there is some
structural uplift of the central crater basement in all types of complex craters. Therefore, we
must assume that the target properties control the morphological expression of this uplift.

Planetary gravity also has an effect on cratering mechanics and, thus, morphologies.
The lower lunar gravity (1.62 m?s™!, or ~1/6 of the average terrestrial value for gravitational
acceleration) results in deeper impact structures on the Moon compared with structures of an
equivalent size on Earth because gravity acts against both the excavation of material and the
formation of topography. The various forms of impact structures and their diameter ranges
appear to be an inverse function of planetary gravity (Pike 1985). Moreover, although gravity
is a variable in cratering mechanics; it is not a variable in determining the volume of target
material melted in a specific impact event. Thus, an impact at a high velocity (e.g., 15 to 20
km s7!) into crystalline target rocks generates ~2.5x more impact melt (relative to the total
volume of displaced rocks) in a terrestrial than a lunar event resulting in an impact structure
of equivalent size (Cintala and Grieve 1994, 1998). This additional melt, which in large part
is retained within the impact structure, also has the effect of reducing observed topographic
variations at terrestrial impact structures.

Owing to erosion, few terrestrial impact structures have sufficient topographic information
to define morphometric relations. The most recent set of morphometric relations for terrestrial
impact structures can be found in Grieve and Pilkington (1996). While erosion may be
detrimental to establishing morphometries, it does result in terrestrial impact structures being
exposed to different erosional levels. This, combined with on-site geologic investigations and
drilling data, clearly indicate that the central peaks of complex craters are due to the uplift of
deeper parautochthonous target lithologies. The amount of stratigraphic uplift at terrestrial
complex impact structures is:

SU =0.086D"% (N =24) (5.2)

where N = 24 is the number of structures, with diameters ranging from 4 to 250 km, SU is the
amount of stratigraphic uplift of the originally deepest lithology now exposed at the surface,
and D is rim diameter, both in km (Grieve and Pilkington 1996).

Attempts to relate these terrestrial data to the lunar case have resulted in a minimum depth
of stratigraphic uplift of:

SU=0.022D'% (N=12) (5.3)

This relation holds for a range of diameters from 17 to 136 km for the lunar case (Cintala
and Grieve 1998). There are, however, a number of caveats and ambiguities, the resolution
of which awaits better data. Nevertheless, the characteristic of sampling and bringing to the
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surface originally deeper lithologies through uplift in complex structures has been used to
provide some measure of compositional variation with depth, of the lunar highland crust
(Tompkins and Pieters 1999).

2.2.2. Principal impact formations and their geologic setting.

Classification of impactites. Terrestrial impact craters are the only source for a complete
data base on the effects of hypervelocity impact on rocks of planetary crusts since they allow
us to relate these effects to the cratering process and the final geological setting of the impact-
metamorphosed rocks (reviews of these phenomena are in French and Short 1968; Roddy
et al. 1977, Stoffler et al. 1979, 1988a; Melosh 1989; Grieve 1987, 1991; and French 1998).
In principle, the target rocks are affected by the passage of a shock wave which propagates
in a spherical geometry from the point of impact. The material engulfed by the shock wave
is not only compressed and heated on an extremely short time scale but also caused to flow
behind the shock with supersonic velocity. Depending of the position relative to the point
of impact, rocks undergo vaporization, melting, phase transformations in a quasi-solid state,
and mechanical deformation before part of rock volume affected in this way is transported
(ballistically or in a ground surge mode), mixed, and deposited inside and outside the crater
cavity thereby forming proximal, distal, and global deposits. The occurrence, or not, of the
latter depends on the size of the cratering event.

The products of impact processes and associated nomenclature are summarized in Table 5.2
and Figures 5.7-5.10. The systematic nomenclature has been derived by the “Subcommission
on the Nomenclature and Classification of Metamorphic Rocks” of the International Union of
Geological Sciences (IUGS), Subgroup on Impactites (Stoffler and Grieve 1994, 1996, 2006).
The proposed Systematics of Impactites apply in principle to all planetary impact formations
and form a basis also for the interpretation of shock-metamorphosed lunar rocks and lunar
impact formations.

Types and characteristics of impact formations. Four basic textural types of breccias are

observed in terrestrial impact craters. This observation generally holds independently of the

Table 5.2. Classification of impactites (recommended by IUGS;
Stoffler and Grieve 2006; see also Chapter 1 of this volume).

I. CLASSIFICATION OF IMPACTITES FROM SINGLE IMPACTS

1. Shocked rocks

2. Impact melt rocks*
2.1. clast-rich
2.2. clast-poor
2.3. clast-free

3. Impact breccias
3.1. Monomict breccia
3.2. Lithic breccia (clastic matrix breccia without melt particles)**
3.3. Suevite (breccia with melt particles and particulate matrix)**

II. CLASSIFICATION OF IMPACTITES FROM MULTIPLE IMPACTS
1. Impact regolith*** (unconsolidated clastic debris)
2. Shock lithified impact regolith*** (consolidated clastic debris)
2.1 Regolith breccias *** (breccia with in situ formed matrix melt and melt particles)
2.2 Lithic breccias *** (breccia without matrix melt and melt particles)

* may be subclassified into glassy, hypocrystalline, and holocrystalline varieties
*##* generally polymict but can be monomict in a single lithology target
##% generally polymict but can be monomict in a single lithology target
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PROXIMAL IMPACTITES DISTAL IMPACTITES
Fall back breccia
Polymict lithic (suevitic)
breccia Coherent layer Polymict lithic
of impact breccia

Supwte mislt racks Tektites Air fall beds

rJ Impact melt dykes ™ “}
2O F N
veing and \vein > Impact breccia dykes
 networks a) lithic breccia
b} suevitic

Figure 5.7. Simplified cross section of a complex terrestrial impact crater with proximal and various distal
impact formations.

type of target rock and of the geological setting (Stoffler et al. 1979; Stoffler and Grieve 2006),
although targets consisting exclusively of sedimentary rocks of high porosity or of evaporite
composition lead to somewhat different impact formations. The four types are (Figs. 5.8-5.10;
Stoffler and Grieve 2006):

1. Monomict breccias

2. Polymict breccias with particulate matrix and cogenetic melt particles (“suevite”)
3. Polymict lithic (fragmental) breccias with clastic matrix (lacking melt inclusions)
4

Impact-melt rocks with variable contents of lithic and mineral clasts in a crystalline
or glassy matrix (clast-laden types may be called impact-melt breccias)

These textural types occur in different geologic settings with respect to the parent crater. This
is important for the correct interpretation of lunar impact breccias, which come with little or no
definitive information concerning the parent crater or impact formation. Therefore, it is useful
to discuss the definition of the types and characteristics of the different impact formations iden-
tified at terrestrial impact craters (Figs. 5.8 and 5.10) as context for lunar impact materials.

Impact formations may be divided into three structural subgroups:

1. Layered, allochthonous breccias

II. Autochthonous and parautochthonous breccias and shocked basement rocks
III. Breccia dikes (including melt veins and vein networks)

Following Pohl et al. (1977), we may distinguish between (1) inner and (2) outer impact
formations, the latter comprising all deposits beyond the final crater rim. The outer impact
formations are “layered” allochthonous breccias (Type I, which may contain Type III, mostly in
large megablocks), whereas the inner impact formations include Types I, II, and III. “Layered”

Figure 5.8. caption continued from facing page...

Lappajirvi crater, Finland (sample La 41), white to gray lithic and mineral clasts in a dark gray aphanitic
crystalline matrix, scale = cm; (f) clast-bearing lunar impact melt rock 14311 with aphanitic crystalline
matrix (Apollo 14), scale = cm; (g) polymict lithic breccia with clastic matrix from the continuous ejecta
blanket (Bunte breccia) of the Ries crater (Bschor quarry near Ronheim), Germany, scale = cm; (h) lunar
polymict fragmental (lithic ) breccia 67015 with clastic matrix from the rim of North ray crater (Apollo 16)
with dark (impact melt) and light (anorthositic and granulitic rocks) clasts; scale = cm.
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a) MINIMICT POLYMICT

FRAGMENTATON MELT WITH ~ FRAGMENIS ~ FRAGMENTS

INSITU FRAGMENTS  WITH MELT
CATALASHL BRECCIA WITH BRECCIA BRECCLY
CRYSTALLINE ROCK GLASSY DR WITHREARTICLLATE  WITH CLASTEC
CRYSTALLINE MATRIN AN MATRIK
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IGLASSY R
CRYSTALLINEY

Figure 5.8. Basic types of impact breccia textures and macroscopic images of the main types of terrestrial
and lunar breccias (in part from Stoffler et al. 1979); (a) sketches of textural types of impact breccias;
(b) suevite breccia with particulate matrix and melt inclusions (black) and crystalline rock clasts (gray to
white) from Mien crater, Sweden; scale = cm; (c) monomict granite breccia from Schmihingen, Ries crater,
Germany; (d) lunar monomict anorthositic gabbro breccia 77017 (Apollo 17); lower part contains intruded
impact melt (black), scale = 1 cm; (e) Clast-bearing impact melt rock from Kanta Ahveniemi, Kirni island,

caption continued on facing page
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Figure 5.9. Microphotographs of typical textures of the main types of terrestrial and lunar impact
breccias (in part from Stoffler et al. 1979); (a) monomict lunar anorthosite breccia 65015,16 (Apollo 16),
photomicrograph using crossed polarizers, width of field is 0.25 mm, note intergranular brecciation; (b)
lunar dike breccia consisting of gray intrusive impact melt with aphanitic crystalline matrix penetrating
into monomictly brecciated anorthosite, younger “pseudotachylite” veins (black) occur on two sides of the
sample, width of field = 1.25 mm; (c) clast-bearing impact melt rock with mineral clasts embedded in a fine-
grained crystalline matrix from Lappajérvi crater, Finland (sample La 26), width of field = 33.7 mm; (d)
clast-bearing lunar impact melt rock 72215,193 (Apollo 17) with lithic and mineral clasts in a fine-grained
crystalline matrix, width of field = 15.1 mm; (e) lunar polymict lithic (“fragmental”) breccia 76255,69 with
clastic matrix consisting mainly of mineral clasts (mainly plagioclase); (f) matrix section of the lunar clast-
bearing impact melt rock with crystalline matrix, thin section 14066,46, dark gray = plagioclase, light gray
= pyroxene and olivine, white = ilmenite and iron, width of field = 0.23 mm, reflected light.

allochthonous impact formations occur at the top of the section, parautochthonous shocked
and monomictly brecciated impact formations below the crater floor, and autochthonous
impact formations (monomictly brecciated) at some depth in the crater basement, which in
part may have been affected by structural uplifting. In addition, breccia dikes (Type III) occur
in the parautochthonous and autochthonous crater basement. The allochthonous outer impact
formations contain clasts of local substrate produced by the mechanism of “secondary mass
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wasting” (Oberbeck 1975) and whose fraction increases with radial distance from the crater
rim (Horz et al. 1983). This is important for the interpretation of lunar breccias taken from the
ejecta blanket of multiring basins.

For lunar applications, it is important to distinguish between proximal ejecta and distal
ejecta (Fig. 5.7; Stoffler and Grieve 2006). Proximal ejecta include the allochthonous inner
impact formations and the continuous ejecta blanket as the innermost part of the outer impact
formations. Distal ejecta comprise global air fall beds and tektite glass, which occur in strewn
fields at some distance from the parent craters and represent exclusively shock fused melt from
the very top section of the target (see Section 2.3) in contrast to the impact melt residing in
melt sheets, suevite breccias, or as glass spherules in global airfall beds (Fig. 5.7). This melt is
derived from the deep, inner melt zone of the crater, which develops in the compressed target
some distance below the stagnation point of the projectile. Secondary craters—not really
known from terrestrial craters—are the result of high velocity distal ejecta and are common
around lunar craters, usually outside of the continuous ejecta blanket.

In conclusion, the material ejected from the crater (ejecta of the outer impact formations)
forms successively: continuous deposits, discontinuous deposits, and rays (not observed so far
at terrestrial craters) with increasing radial distance from a crater. Generally, the velocity of the
ejecta decreases with increasing radial distance from the point of impact and with increasing
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depth in the target. This leads to the following characteristics of the continuous ejecta blanket:
the average size of the ejecta (rock fragments) decreases with increasing distances; the final
range of the ejecta is inversely proportional to their original depth in the target (the deepest
rocks excavated from the crater form the rim deposits); rock fragments from deeper sections
of the target are deposited later than those from higher sections, leading to an inverted
stratigraphy in the continuous deposits; beyond about 1.5-2 crater radii, the ejecta have
velocities sufficient on landing to rework local rock strata and form a radial ground surge of
material (secondary mass wasting, Oberbeck 1975) by which a large fraction (e.g., 70-90%)
of local rock may be incorporated into the continuous deposits.

The principles outlined above, which have been documented at terrestrial impact
structures (e.g., Pohl et al. 1977; Horz et al. 1983), are key for any geologic exploration of the
lunar surface (Shoemaker and Hackmann 1962; Gault et al. 1968; and many others). Firstly,
most of the rock fragments in breccias of the distal part of the continuous deposits are from
the local bedrock, which is essential for the interpretation of the Imbrium-basin-related Fra
Mauro Formation (Apollo 14) and the Descartes Formation (Apollo 16) related to Nectaris
basin (Deutsch and Stoffler 1987; Stoffler and Ryder 2001). Secondly, a series of craters, with
increasingly larger diameters may thus be used to probe progressively deeper formations in a
given geologic terrain, thus enabling reconstruction of first-order stratigraphic and structural
relationships at depth from simple surface observations. Such considerations affect our current
perception of the lithologic make-up of the lunar crust, based on samples and remotely sensed
data (Spudis et al. 1984; Wilhelms 1984; Wilhelms et al. 1987).

Isotope dating of the age of impact events. Determining the absolute age of lunar impact

craters and basins and their related ejecta formations is essential for lunar stratigraphy and
chronology because of the lack of other datable stratigraphic boundaries. The message for lu-
nar studies from isotope dating to derive the impact age of terrestrial craters is fundamentally
important and provides two essential implications: (1) allochthonous impact formations contain
rock fragments covering the complete age range from the age of the oldest displaced target rock
to the actual age of the impact crater, (2) complete resetting of the ages of the target rocks is
only achieved in impact events by vaporization and whole-rock melting. That is, impact-melt
rocks from the parent crater (of whatever geologic setting) are the only type of impactite that can
reliably be used to date the time of impact (Deutsch and Schirer 1994; Staudacher et al. 1982;
Stephan and Jessberger 1992; Bogard et al. 1988). Even then, complications may arise from
unequilibrated lithic and mineral clasts of the target rocks in the melt rocks (Bottomley et al.
1990). At large impact craters where impact melt lithologies have characteristically long cooling
times, partial resetting of primary ages of the target rocks is commonly observed in lithic clasts
included in “hot” impact formations, such as impact melt sheets, suevite layers (Staudacher
et al. 1982; Bogard et al. 1988), and thermally annealed bedrock sections of these hot impact
formations if the affected bedrock breccias are completely recrystallized (e.g., Footwall breccia
at the Sudbury structure, Lakomy 1990). Thus, for lunar applications, impact-melt lithologies
should be the first choice in any dating effort. This may result in the direct dating of a crater or
in an indirect dating on the basis of the principle that the youngest clast in a polymict impact for-
mation is closest to the actual age of the parent crater. For further details, see Sections 5 and 6.

2.2.3. Fundamentals of progressive shock metamorphism.

Shock metamorphism. Shock-metamorphic effects in rocks and minerals as observed in
many lunar samples, particularly from the lunar highlands and the regolith, are well studied
and described for terrestrial impact structures in papers in French and Short (1968), Roddy et
al. (1977), Stoffler (1972, 1974, 1984), Bischoff and Stoffler (1992), Stoffler and Langenhorst
(1994), Grieve et al. (1996), and French (1998). The degree of shock metamorphism produced
by a given shock pressure depends on a material’s behavior, the so-called equation of state,
which relates such parameters as compressibility, specific energy, entropy, specific volume,
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and phase changes. The transition from elastic to plastic behavior in dynamically loaded
rocks and minerals occurs at relatively high stresses, typically on the order of 5-12 GPa. At
pressures between roughly 10 and 60 GPa, mechanical deformation and transitions to high-
pressure phases are typical for the common rock-forming minerals. Above about 40 to 100 GPa,
thermal effects begin to dominate, and whole-rock melting begins (> ~60 GPa for felsic rocks
and > ~80 GPa for mafic rocks, > ~40 GPa for porous siliceous rocks). Pressures exceeding
150 GPa cause vaporization, and ionization occurs at a few hundred GPa. The criteria for the
definition of progressive stages of shock metamorphism of various rocks have been defined and
classification schemes have been proposed first by papers in French and Short (1968) and later
in Kieffer et al. (1976), Schaal and Horz (1977 1980), Reimold and Stoffler 1978, Schaal et al.
(1979), Snee and Ahrens (1975), Bauer (1979), Ostertag (1983), Stoffler (1984), Stoffler et al.
(1986, 1988b, 1991), Bogard et al. (1987), Kitamura et al. (1977, 1992), Schmitt (2000), and
Xie et al. (2001) for various terrestrial rocks (felsic rocks, basalt, dunite) and for planetary rocks
and planetary analog materials such as basalt, dunite, anorthosite, lunar regolith, and chondrites
(see also Bischoff and Stoffler 1992, Stoffler and Grieve 2006, and Chapter 1 of this volume).

For lunar crustal material, knowledge of residual shock effects is only essential for a
few rock-forming minerals such as plagioclase, olivine, and pyroxene, and for some mafic
and feldspathic igneous rocks such as basalt/gabbro/norite, dunite, and anorthosite, as well as
regolith. The typical shock effects and the required formation shock pressures are summarized
in Table 5.3, which is based on the specialized literature on these materials listed above and a
summary in Chapter 1 of this volume.

Impact melt lithologies. Impact-melt rocks constitute a prominent rock type in the Apollo
sample suite. Material identified as impact melt composes some 30-50% of all hand-specimen-
sized rocks returned from highland landing sites and some 50% of all soil materials, including
mare collections (Ryder 1981). Detailed studies of terrestrial impact melt sheets (e.g., Dence
et al. 1977; Phinney and Simonds 1977; Whitehead et al. 2002; Dressler and Reimold 2001;
and many others) show that the diverse melts derived from the various target rocks in an
impact tend to be homogenized, and that the resulting glasses or crystalline rocks, depending
on cooling rate, represent remarkably homogenized mixtures of the original target lithologies.
In simple terms, impact melts are chemical mixtures of preexisting but now melted target
rocks, although there are limitations to the degree of homogenization, particularly at the lower
and upper end of the size range of impact craters (e.g., Kettrup et al. 2003). In many cases,
the mixed compositions of impact melts have unique chemical characteristics that cannot be
produced by conventional internal melting processes, which involve the partial melting of a
compositionally restricted source rock.

The spectral composition of impact melts believed to be related to large lunar basins,
therefore, has been used to make inferences regarding the composition of the lunar crust (e.g.,
Pieters et al. 2001). The terrestrial constraints regarding the nature of impact-melt rocks holds
for craters up to the 100 km size range. It may not apply directly to the much larger lunar
basins. There is an additional complication in the terrestrial environment; namely, the largest
known terrestrial impact melt sheet, the Sudbury Igneous Complex at the 250 km diameter
Sudbury structure, differentiated on cooling (Therriault et al. 2002). At this time, it is not
known if this is a valid analog for the low gravitational environment of the Moon. The volume
of impact melt normalized by the total volume of displaced rock masses does not increase
linearly with crater diameter, it increases exponentially (e.g., Melosh 1989; Cintala and Grieve
1998). This is important for the interpretation of impact melt lithologies in the lunar highlands
(see further discussion in Section 2.3.1)

Most impact-melt rocks contain lithic and mineral clasts from the target (e.g., Stihle
1972; references in Dressler and Reimold 2001; Figs. 5.8 and 5.9). These clasts frequently
show distinct shock and thermal effects (Bischoff and Stoffler 1984). Partial digestion of clasts
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Table 5.3. Shock effects in rock-forming minerals and whole rocks
with shock pressure calibration.

Shock effect Pressure (GPa)
Shock wave barometry for non-porous felsic rocks
Kink bands in biotite >0.5-1
Shatter cones >2
Pf’s in quartz: (0001) and {IOTI} >5-10
Pdf’s in quartz: {1013 > 10
Pdf’s in quartz: LOTZi >20
Stishovite >12-15
Coesite >30
Diaplectic plagioclase glass 28/34* to 45
Diaplectic quartz glass 34-50
Melting of feldspar > 45
Whole rock melting > 60

Shock wave barometry for mafic rocks and anorthosites

Olivine, undulatory extinction
mosaicism
planar fractures
planar deformation features

4-5to 10-15
10-15 to 60-65
15-20 to 60-65
35-40 to 60-65

melting and recrystallization > 60-65
Plagioclase, undulatory extinction 5-10 to 10-12
mosaicism 10-12 to 28/34*
diaplectic glass 28/34%* to 45
melting > 45
Orthopyroxene, undulatory extinction 5-10 to 20-30
mechanical twinning >5

mosaicism
planar deformation features

20-30 to 75-80
30-35 to 75-80

incipient melting > 75-80
Whole rock melting, basalt/gabbro >75-80
Whole rock melting, dunite > 60-70
Whole rock melting, anorthosite > 45-50

Notes: Pf‘s = planar fractures, Pdf‘s = planar deformation features; *increasing with
increasing An-content

Data from: Miiller and Hornemann 1969; Hornemann and Miiller 1971; Stoffler and
Hornemann 1972; Stoffler 1972, 1974; Snee and Ahrens 1975; Kieffer et al. 1976;
Schaal and Horz 1977, Stoffler and Reimold 1978; Schaal et al. 1979; Bauer 1979;
Ostertag 1983; Stoffler et al. 1986, 1991; Bischoff and Stoffler 1992; Stoffler and
Langenhorst 1994; Schmitt 2000; see also Chapter 1 of this volume

by the melt typically results in texturally heterogeneous glasses or fine-grained melt rocks.
Better crystallized impact melts display an increased tendency to digest clastic material. In
completely crystallized impact melts, clastic material may no longer be observed on the scales
of thin section and even hand specimens (millimeter to centimeter), yet larger lithic clasts may
be observed in the field (Phinney and Simonds 1977). Detailed studies of terrestrial impact-
melt rocks have also demonstrated that the clast population in impact-melt rocks does not
necessarily constrain the progenitor target rocks that were the source of the impact-melt rocks,
as the clasts are acquired as the melt sweeps across the expanding crater cavity (McCormick et
al. 1989). This observation has been used in attempts to constrain the source of certain Low-K
Fra Mauro rocks in the lunar collection from Apollo 15 (Spudis et al. 1991).
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2.3. Impact cratering mechanics

2.3.1. Empirical observations and basic physics of cratering. The basic phenomenology
of impact cratering has been well known for decades. Gault et al. (1968) divided the process
into three stages, an approach that remains useful and valid today (Fig. 5.11). When a projectile
first contacts another object, shock waves are generated in both the impactor and the target,
causing the material to flow behind the shock front with supersonic velocity. The material flow
field depends on the velocity and angle of the projectile as well as the physical and chemical
properties of projectile and target materials.

The earliest part of an impact event, the compression stage, encompasses the time from
initial contact between the impactor and target to the time that the impactor is completely
engulfed by the shock (Fig. 5.11). In a vertical or near-vertical impact, energy transfer from the
projectile to the target ceases at that time, as the compressed impactor and target are traveling
at essentially the same velocity. This stage, however, rapidly becomes more complex with
increasingly oblique impacts, as impactor shearing and highly nonlinear effects become major
considerations. The reader is referred to Schultz and Gault (1990), Schultz (1996), Sugita
and Schultz (1999), Pierazzo and Melosh (2000a,b), and Ivanov and Artemieva (2002) for

time =0.00 s time=0.02 s

-

=3 0 2 A =

km km

time = 0.04 s time=0.30 s

Figure 5.11. Initial stages of impact cratering, illustrated by a numerical model of a vertical impact of a
granite impactor into a dunite target with an impact velocity of 15 km/s (granite and dunite are described
with ANEOS—analytical equation of state—see Thomson and Lauson 1972). At ¢ = 0 both the spherical
projectile and the target are presented as intact brittle media. At 7 = 0.02 s, the projectile is partially
penetrated into the target. Relatively less dense gray shading presents damaged zones. The progress of
penetration is clearly seen at # = 0.04 s, the top of projectile is beneath the pre-impact surface and ejection
of target material is just beginning. At these early moments the material failure occurs at the shock front.
Later, at = 0.3 s, the excavation stage is clearly seen. The projectile is smashed in a thin layer along the
transient cavity surface. The shock wave is detached from the cratering flow area. Here the failure zone is
far behind the shock front. Near the surface, the failure zone is growing as separated cracks. The mesh of
dots in the target is constructed of massless Lagrangian tracers, which follow the material motion (only
each 5" row and column are shown).
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discussions of the effects of impact obliquity and for additional references regarding aspects of
such impacts. The compression stage associated with impacts at interplanetary velocities (up
to tens of km per second) is characterized by extreme stresses, rapid entropy generation, very
high temperatures, and exceedingly short timescales (e.g., Ahrens and O’Keefe 1977; O’Keefe
and Ahrens 1977; Melosh 1989). Pressure is so great that both the impact and target can be
treated as strengthless fluids; fused or vaporized material jetted from the interface between
the two can travel great distances or escape the target body completely (Kieffer 1977; Sugita
and Schultz 1999). The first material ejected by the impact occurs at the time of contact and
shortly thereafter, when a combination of very hot impactor and target material is squirted, or
“jetted,” from the contact between the two (e.g., (Kieffer 1977; Gault et al. 1968). In the case
of a large target planet such as the Earth or Venus, most if not all of this jetted phase probably
has velocities that exceed escape velocity. However, atmospheric drag may decelerate jets
before escape (e.g., Artemieva and Ivanov 2004).

The shock in the impactor has a short but complicated history, reflecting from the irregular
surface, spalling pieces of the projectile, reinforcing or attenuating interior stresses, and
deceleration of the impactor. Once the shock encounters a free surface, however, it is reflected
by a decompression (or “rarefaction”) front. Depending on its equation of state and other
physical and chemical properties, the impactor will be largely melted or vaporized, and mixed
with similarly affected target materials. Conversely, if the impact velocity were sufficiently
low, parts of the projectile could survive the impact relatively unscathed and spalled off as solid
fragments (Melosh 1984). For oblique impacts, ricochet may occur either with the projectile
remaining intact, rupturing into several large fragments, or fragmenting into a myriad of small
fragments (Schultz and Gault 1990). This depends on the projectile strength, and the intensity
of the effect increases with increasing impact velocity. A common misconception is that the
projectile somehow explodes upon impact and that explosion creates the crater.

The excavation stage of the event begins after the shock completely engulfs the impac-
tor, thus ending sensible transfer of energy from the projectile to the target (Fig. 5.11). The
energy supplied to the target is partitioned into kinetic, thermal and mechanical energy (Gault
and Heitowit 1963; Braslau 1970; O’Keefe and Ahrens 1977), but the total energy is constant
from the end of the compression stage (energy contained within the target and the ejecta). The
intensity of the shock decreases as it encompasses more mass while propagating into the target
(Gault and Heitowit 1963). The rate of decrease, however, is also modulated by the irrevers-
ible nature of the shock process; the formation of a shock front in any material represents a
profligate use of energy. It is highly irreversible in a thermodynamic sense, increasing the
entropy of the material through which it passes (e.g., Ahrens and O’Keefe 1972), with greater
changes in entropy associated with higher shock stresses. The manifestation of the entropy
increase in the shocked material can range from solid-state phase changes through fusion and
vaporization to the formation of ionized vapor. As a consequence of this production of waste
heat, the energy available to propagate the shock is reduced, and the decay in shock stress with
distance is therefore most rapid near the impact point ( Gault and Heitowit 1963; Ahrens and
O’Keefe 1977; Robertson and Grieve 1977; Cintala et al. 1979; Orphal et al. 1980; Croft 1982;
Cintala 1992).

The shape of the shock front in the target at any given time can be thought of as a
hemisphere or a truncated sphere, particularly at points far from the impact site (e.g., Gault
and Heitowit 1963; Gault et al. 1968; Holsapple and Schmidt 1987; Holsapple 1993). As the
shock attenuates, its effects on the target materials decrease from major phase changes through
plastic deformation to fracturing. In elastic materials the shock finally propagates as a set of
compressional and shear waves dissipating by non-elastic processes. In all cases, however,
passage of the shock front imparts a velocity to the target material in a direction parallel to
the movement of the front itself with a magnitude roughly proportional to the square root
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of the shock stress at that point. Because the shock is nearly hemispherical in a reasonably
homogeneous target, the initial motion of the target material is radial from the impact site.
This pattern changes as rarefactions propagate into the shocked region from the free surfaces
encountered by the shock, including the target surface itself and the boundary of the growing
crater or “transient cavity.” The net result is an overall motion of the target that is first downward
and outward from the impact site, eventually turning upward as individual trajectories are
redirected toward the target’s surface by the decompression process (Fig. 5.12). The resulting
series of trajectories constitute the flow field; the best known descriptions of the flow field are
the “z-model” of (Maxwell 1973, 1977) and modifications thereof (e.g., Croft 1980, 1981).

Material defining the volume of the transient cavity can be divided into two components:
ejected and displaced. One of the idealized trajectories described above delineates the volume
of material ejected from the transient cavity from the volume mobilized by the shock but
not ejected. The former lies above the “hinge streamline” referred to in Croft’s (1980)
adaptation of the z-model, whereas the latter lies below it. Superimposing such a flow field
on the estimated shape of the transient cavity shows that the ejected fraction comes from the
uppermost part of the cavity’s volume; the remainder, roughly half the volume of the cavity,
is material that is simply pushed out of the way by the shock. This combined process of
ejection and displacement has been confirmed by small-scale cratering experiments (Stoffler
et al. 1975). At small natural craters, this effect is frozen into the final simple crater form, as
documented at the 3.4-km terrestrial crater Brent (Robertson and Grieve 1977), but it is mostly
erased in craters large enough to exhibit rebound phenomena. The z-model predicts that the
maximum depth of excavation is on the order of a tenth of the diameter of the cavity formed
directly by the cratering flow field, i.e., the transient cavity. While this is consistent with the
few observations at terrestrial impact craters, it is not well constrained due to the general lack
of preserved ejecta as the result of erosion.

As described above, material ejected from locations near the impact site in planetary-scale
events is typically both hot and fast. Shocked material farther from the impact site acquires
lower velocities, and therefore is ejected at lower speeds. Nevertheless, the faster fraction of
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Figure 5.12. Cross section of a transient crater with flow field and excavation cavity; radial distance
normalized to the diameter of the apparent crater.
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this solid ejecta can be spread over much of the target planet, but because this highly shocked
material originated near the impact point, it was almost certainly subjected to high stress
gradients and therefore would be severely comminuted (Opik 1971). The model by Schultz
et al. (1981) records the shock state of material as a function of ballistic range and predicts
that a wide range of peak pressures is present in the ejecta at a given range, although the peak
pressure generally increases with increasing distance from the impact point. Ejecta originating
farther from the impact site would be cooler, slower, and less fragmented. The net result of this
progression is reflected in the ejecta deposits. Moving away from the crater radially, they grade
from a relatively smooth, continuous formation that represents the uppermost component of
the crater’s rim into a textured deposit that gives way to dense fields of secondary craters. These
fields fragment into clusters of secondaries at the extreme limits of the deposit (see Oberbeck
etal. 1974; Oberbeck 1975). In dealing with intercrater comparisons of ejecta deposits, it must
be kept in mind that the use of scaled distances can be highly misleading.

Deposition of ejecta is obviously an important factor in the mixing of lunar surface
materials, but it is dependent on a variety of different factors. Because this process is so complex
on the scale of individual samples, agreement among investigators on the nature and absolute
extent of such mixing has been difficult to obtain (e.g., Oberbeck et al. 1975; Oberbeck and
Morrison 1976; Schultz and Gault 1985). In a terrestrial context, however, a drilling program
in the ejecta deposits of the Ries crater in Germany demonstrated unequivocally that local
reworked material increases beyond 1 crater radius and composes between 70 and 90 % of the
total clast population of the breccia deposits at 2 to 3 crater radii (Horz et al. 1983). Perhaps
the continuing improvement in remote-sensing capabilities will soon provide observational
data permitting calibration of the various estimates of mixing ratios as functions of distance
from the primary impact on bodies other than Earth. Rationales for this “re-calibration” have
been recently presented in the form of a model of global basin ejecta “stratigraphy” by Haskin
and coworkers (Haskin 1998; Haskin et al. 2003). The recent quantitative model by Haskin et
al. (2002, 2003), based on impact cratering scaling equations (Housen et al. 1983; Holsapple
1993) and the concept of ballistic sedimentation (Oberbeck 1975) predicts characteristics
of ejecta deposits, resulting from basin-sized cratering events. These characteristics include
deposit thickness at a given distance and fraction of primary ejecta and pre-existing substrate
incorporated into the ejecta deposit. The model can be useful for suggesting provenance of
sampled lunar material. However, predicted secondary crater densities are at least one order
of magnitude greater than observed secondary crater densities surrounding the Imbrium
and Orientale basins. The proponents suggest that mutual obliteration erases essentially all
secondary craters associated with the debris surge during ballistic sedimentation. If so, a
process other than ballistic sedimentation is needed to produce observable secondary craters.
This model does not take into account oblique impacts for which the distal ejecta deposits are
strongly asymmetric (see discussion of an oblique impact in Section 2.3.2). Some concerns
about the Oberbeck model have been expressed by Schultz and Gault (1985).

An attempt to take obliquity into consideration was made by Wieczorek and Zuber
(2001) to test the idea of the Imbrium origin for the Imbrian grooves and South Pole-Aitken
basin thorium anomaly. Their analysis suggests that the initial material ejected in an oblique
impact may be qualitatively modeled by adding a constant velocity tangential to the surface
in the impactor’s direction to the ejecta velocities determined from the vertical impact-scaling
relationships. In reality the nature of oblique impact is much more complex (see Section
2.3.2). The origin of the “grooves” antipodal to Imbrium also remain plausibly related to
antipodal convergence of seismic waves (Schultz and Gault 1975).

The modification stage of the event begins as soon as the maximum depth of the transient
cavity is attained. For a small crater, the floor is raised slightly by elastic and/or gravity-
driven rebound, but in a large cavity, the rebound can be on a massive scale (e.g., Grieve et
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al. 1981; Ivanov 1994) to the extent that some investigators have suggested that some of the
rings of multiring basins are frozen-in “tsunamis” generated by oscillating central rebounds
(e.g., Baldwin 1981; O’Keefe and Ahrens 1999). Investigation of the modification stage of
the impact-cratering process is much more difficult than the earlier stages for a number of
reasons. To a large degree, the compression and excavation stages of large cratering events
can be treated as being independent or, at most, only weakly dependent on the target’s
strength. Cavity modification, however, takes place under conditions that are neither static
nor unaffected by material strength (e.g., Melosh and Ivanov 1999). A complication is the
poorly understood role of thermal energy and its effects on the material strength of the volume
of the target in the cavity’s immediate proximity (Cintala and Grieve 1998; O’Keefe and
Ahrens 1999). Historically, it has been difficult to include the modification stage in numerical
simulations of impacts because of inadequate computational resources. Calculations of the
earliest portions of the event are extremely intensive in terms of the number of computer cycles
required and the time needed to complete them. The excavation stage is so long relative to the
earlier phenomena that until relatively recently it had been addressed only by extrapolating
the earlier particle motions ballistically (e.g., Orphal et al. 1980) which is an unappealing but
nonetheless unavoidable solution to the problem. Improvements in hardware and coding made
calculations to these later times possible, and in recent years, concerted efforts have been made
to investigate modification phenomena through computer simulations (e.g., Ivanov 1994).

The rim crest of the transient cavity relaxes from a maximum height that is supported by
dynamic stresses during the cavity’s growth to a level that is dependent on the magnitude of the
event. Small cavities undergo little modification from their transient-cavity form. For larger cavi-
ties, wall failure resulting from collapse of the cavity and its subsequent enlargement significant-
ly decreases rim heights of complex craters (e.g., Pike 1977b; Cintala 1979). Mass movement of
wall material into the crater has added consequences for the final crater form. Outward-moving
impact melt that lined the transient cavity during its growth is transported back into the crater
on the slump blocks, to be trapped in the interior as veneers, ponds, or as a coherent melt sheet
(Howard and Wilshire 1975; Hawke and Head 1977; Cintala and Grieve 1998). The moving melt
mixes with the shocked, brecciated, and highly comminuted material from the cavity walls and
floor to form the polymict allochthonous breccias of the crater interior (compare Section 2.2).

Crater scaling. Scaling is a term typically used to denote the means by which initial condi-
tions of an impact or explosion can be used to predict the final crater’s dimensions. Because the
magnitude of even a relatively small planetary impact is beyond anything that can be simulated
with current technology, methods must be devised to relate the characteristics of the impactor,
the target, the impact velocity, and any other relevant factors with the properties of the resulting
crater. The approach used almost exclusively for this task is based on the principles of dimen-
sional analysis (Buckingham 1914; Bridgman 1922). The first extensive use of dimensional
analysis in the investigation of cratering phenomena was made by Chabai (1965) in studies of
explosion craters; many subsequent investigators applied his work directly to impact events
by equating explosive energy to the kinetic energy of the impactor. More than a decade later,
however, the lack of a velocity (or momentum) dependence in Chabai’s explosion relationships
was noted by Holsapple and Schmidt, who developed an extensive suite of scaling relationships
for application to impact cratering (Schmidt 1977, 1980; Schmidt and Holsapple 1978, 1982;
Holsapple 1980, 1987, 1993; Holsapple and Schmidt 1980; 1982; Housen et al. 1983; Hol-
sapple and Schmidt 1987; Schmidt and Housen 1987). Continuing work by other investigators
has tested the scaling relationship predictions, suggested improvements, and incorporated more
variables (e.g., Croft 1985; Schultz 1988; Cintala and Horz 1990; Cintala et al. 1999). A brief
discussion of the approach and limitations of dimensional analysis as applied to crater scaling
follows, and a few examples are given to illustrate the form that these relationships typically
take and to provide a reference for a few of the more common calculations.
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In formulating a potential scaling relationship by dimensional analysis, all of the variables
needed to describe the process are collected and, following the rules of dimensional analysis as
pioneered by Bridgman (1922), groups of those variables are constructed, with the requirement
being that no group can possess physical dimensions. For instance, the group P/F, where the
variables P and F represent pressure and force, respectively, has the dimensions of length~2, and
thus is not a dimensionless group. The group at/v, on the other hand, where a represents acceler-
ation, ¢ time, and v velocity, is dimensionless. The number of such groups are determined by the
number of dimensions (e.g., length, mass, time, temperature, etc.) and the number of variables
included in the analysis. Once the dimensionless groups (typically called “r-groups”) are estab-
lished, any one of them can be treated as a function of the others; the real task is to determine the
nature of that functionality and, in most cases, this can only be done by examining the data.

Laboratory-scale impact craters formed in wet sand probably represent the best analogs
available to their large counterparts in rock in terms of scaling studies (Schmidt and Housen
1987). Dimensional analysis has been applied to a set of such craters formed by a variety of
impactors over a range of velocities. Using the wet-sand craters as a basis for their analysis,
the general form for the rim-crest diameter of the transient cavity D, as given by (Schmidt and
Housen 1987) can be stated as follows:

0.39
D, = 1.16(‘)—”] D7y (54)
P:

in which p, and p, are the densities of the projectile and target, respectively, D, is the diameter
of the projectile, v; is the impact velocity, and g is the gravitational acceleration. Most transient
craters approach a parabolic shape for which transient crater depth H,. is roughly 1/4 to 1/5 of
the diameter D,.. The diameter of the transient cavity can be used as a reasonable approximation
of the diameter of a simple crater. Models show that appreciable enlargement of simple craters
through slumping of their walls would reduce their depths to values lower than are observed
(Cintala 1979; Grieve and Garvin 1984; Grieve et al. 1989). The diameters of complex craters, on
the other hand, are significantly greater than those of their parent transient cavities because of the
modification phenomena described above, and this effect must be included in the scaling rela-
tionship for large craters. Croft (1985) derived an expression relating the final rim-crest diameter
Dy, of a complex crater to the rim-crest diameter of the transient cavity, which can be written as

D, =D,""*D;" (5.5)

where Dy, is the diameter at which the simple-to-complex transition occurs. The value of D, for
the Moon, for example, is generally taken as 18.7 km (Pike 1988), whereas the corresponding
value for crystalline targets on Earth is 4 km (Grieve et al. 1981). Thus, Equation (5.4) can
be used for craters with diameters below the simple-to-complex transition on the Moon (Pike
1988); above this size, Croft’s (1985) Equation (5.5) must be used with Equation (5.4) to yield

1
P:
where cgs units have been assumed and a lunar value for g is 162 cm s~'. Equation (5.6) is
applicable only to complex lunar craters. In the event that the crater diameter is known and an

estimate of the projectile dimensions is desired, Equation (5.6) can be used to derive D, for
complex lunar craters, viz.,

0.39
D, =1.87x107 (p—”) DO (5.6)

p —0.42
D,= 75.6[p—”) D%y 0% (5.7
t
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Small impact craters also depend on the target strength. If the main cratering flow energy
is spent as plastic work against strength and friction, this is the so-called “strength regime of
cratering,” i.e., a “strength crater.” For large craters most of the energy is converted into the
potential energy of the excavated cavity. This case is in the “gravity regime of cratering” and
the crater is termed a “gravity crater.” Equation (5.4) is valid for so-called “gravity craters.”
Figure 5.13 illustrates the general character of the impact-crater scaling by showing the
dependence of the rim-crest crater-diameter ratio to the projectile diameter, D/D,, on the rim-
crest crater diameter D for lunar gravity and the impact velocity of 18 km s~! (Ivanov et al.
2001). This figure shows how D/D,, decreases for larger craters.

Melt production scaling. Standard representation of the melt volume V,, in impact craters
is V,/V, ~ (VA/E,)", where V, is the projectile volume, v; is the projectile velocity and E,, is
internal energy of melting. O’Keefe and Ahrens (1977) concluded from hydrocode calculations
that above a certain limit the total volume of melt and vapor produced in an impact event
scaled with the energy of the impactor, resulting in a relation including the factor p, which
they found to be 0.67. However, Bjorkman and Holsapple (1987) tested the point source limit
scaling law for melt volumes and found p = 0.55-0.6. Detailed numerical modeling (Pierazzo
et al. 1997) proposed the scaling of melt production for a wide range of impact velocities and
target-projectile types in the form:

lo &—a+§ulo V—’Z
g 2 gE

14 m

(5.8)

with p = 0.708 = 0.039 as an average value for all materials. In an oblique impact the melt
production is substantially lower (Pierazzo and Melosh 2000b and discussion below).

The only way to prove these multi-stage estimates is to use numerical modeling for
estimates of the impact melt volume. Values for the impact melt volume are estimated from
geological investigations of terrestrial impact craters (Grieve and Cintala 1992). This test gives
a good result, i.e., theoretical estimates reproduce the impact melt volume within of factor of
2 for a given crater diameter (Fig. 5.14).

Excavation depth. Excavation depth is not to be confused with the depth of the transient
cavity as the ejecta do not include material excavated from the full depth of the crater (see

v. =18km &' Figure 5.13. The ratio of the crater diameter, D,
) . . . .

i to the impactor diameter, Dp for various regimes

of impact cratering. 1- the “strength branch” of
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- Strength Gravity - the scaling law, where the D/Dj ratio is constant
craters craters . .

. 1 T for a constant effective target material strength;

B \ simple complex 2 —the “gravity branch” of the scaling law: D/Dp

1 A ratio decreases as the crater diameter increases;
3 — the “gravity collapse” branch for complex
craters, while the transient crater size is still
following the “gravity branch” (2), the final
crater diameter is larger than the transient crater
diameter due to the crater widening during
4 the transient cavity collapse. The figure is
constructed for the impact velocity of 16 km s™!
assuming equal projectile and target density,
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Fig. 5.12) Material corresponding to the volume of the transient cavity is displaced material not
ejected material. The empirical estimate for the maximum depth of excavation H,,. is about 1/3
of the transient crater depth or one-tenth of the transient diameter: H,.~ 1/3H,,= 1/10D,,.

Ejecta deposit thickness. When the strength can be neglected, the ejection velocity v,
depends upon the ratio of ejection position r within the crater to a final crater radius R (Housen
et al. 1983):

’
=C (=) 5.9
(R) (5.9)

where C, is an empirical coefficient. The power € can be determined either experimentally or
derived from the coupling parameter model. In the latter case it ranges from 1.9 for water to 2.4
for sand (Melosh 1989). Although the thickness of the ejecta deposit may scale similarly, mor-
phological differences are expected as a function of crater size, because the velocity of ejecta
that land at a given scaled range depends on a crater size. The ejecta blanket thickness o falls off
as a power of the distance r from the crater center: 6 = f{R)(r/R)~3*'. A traditional description of
the ejecta blanket thickness (McGetchin et al. 1973) & = 0.14R%(r/R)~**! is from a compilation
for data mainly from explosion experiments. Experimental data for impacts are only known
from small-scale impact cratering experiments in sand (Stoffler et al. 1975). These data yield a
somewhat different function between 8 and r, namely & = 0.06R(+/R)~*?°. However, any scaling
is correct only for a vertical impact, and impact obliquity leads to substantial asymmetry in the
ejecta blankets, especially at large distances from the crater, outside the “continuous” ejecta
blanket (beyond about one crater radius). Experimental and observational results show substan-
tial progress in the understanding ejecta distribution around craters made by oblique impacts
(e.g., Anderson at al. 2003; Herrick and Forsberg-Taylor 2003; Schultz and Mustard 2004).
However, the general scaling of ejecta blankets at natural impact craters is still an open issue.

2.3.2. Numerical modeling of crater formation by computer code calculations. The
first numerical cratering simulation—modeling of the Meteor Crater impact—was done in
1961 by Bjork. Since then, numerical computations began to expand with steadily improving
computers and codes capable of providing ever more accurate simulations of the cratering
process. Many of the early results achieved by these methods are compiled in papers in Impact
and Explosion Cratering (Roddy et al. 1977).
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In recent years, numerical models of impact cratering have been applied mainly to Earth,
Mars, and small bodies. The main application specific to the Moon has concerned the problem
of the Moon’s origin in a giant impact (Melosh and Sonett 1986; Cameron and Benz 1991;
Cameron 2001; Canup and Asphaug 2001). Recently progress in numerical modeling in impact
mechanics has been mainly in the development of more sophisticated models, creation of new
three-dimensional codes, and testing on intensively studied terrestrial craters. The time to apply
these improved models to problems in lunar cratering is now ripe, as new data sets and increas-
ingly sophisticated observations of the Moon yield new constraints for models and for reevalu-
ation of lunar stratigraphy, which is based mainly on impact events (see Sections 4 and 5).

The physical foundation. The dynamics of an impact, i.e., the displacement and
deformation of materials under pressure, stress, and strain as well as the dynamics of any
continuous material, are described with a set of differential equations established through the
application of the principles of conservation of mass, momentum and energy (e.g., Landau
and Lifshitz 1987). These equations are usually coupled with an equation of state, relating
the density and internal energy of the material with pressure. A constitutive equation relates
the stress in the material to the amount of strain to which the material is subjected. This set
of coupled, nonlinear equations can be solved analytically only for a few problems for which
certain simplifying restrictions are invoked. Only numerical techniques provide a method of
obtaining solutions without appreciable restrictions and simplifications, and thus are widely
used in cratering mechanics. They provide important insight into processes and phenomena
observed in cratering experiments, and they are the only resource available to study impacts at
cosmic velocities, which are unreachable with existing laboratory techniques.

Hydrocodes and modeling of oblique impacts. Computer programs that handle the
propagation of shock waves and compute velocities, strain, and stress as a function of time
are called “hydrocodes,” as initially they did not include strength effects (i.e., materials were
treated as liquids). Modern computer codes use sophisticated strength models, such as gradual
shear and tensile-damage accumulation, thermal softening, and acoustic fluidization. Many
papers and textbooks treat the main principles of hydrocode construction: Eulerian and
Lagrangian descriptions, dimensionality, discretization of time and space, numerical schemes,
stability, etc. (e.g., Anderson 1987; Zukas 2004 and references therein).

In 1994, hydrocodes were tested for a strengthless material in a giant, natural experiment,
the collision of the Shoemaker-Levy 9 comet with Jupiter. Numerical results from various
hydrocodes correctly predicted a wide range of impact-related phenomena, including light
generated during entry into the Jovian atmosphere, plume formation, and fallout of ejected
material (Ahrens et al. 1994; Crawford et al. 1994; Zahnle and MacLow 1994). The results
also allowed interpretation of astronomical data and definition of fragment-size distribution
(Crawford 1997; Nemtchinov et al. 1997).

Improvements in computer capabilities over the past few years have provided access to
the next level of resolution and complexity in impact simulations. Two areas of numerical
modeling of impact cratering have received considerable attention recently: (1) oblique impact
simulations, which require three-dimensional capability, to model some specific features of
non-vertical impacts (Fig. 5.15), and (2) modeling of terrestrial impacts with accurate target
lithologies to compare the numerical results with available geological and geophysical data
(Figs. 5.16-5.19).

All natural impacts are oblique to some degree, with the most probable impact angle
being 45° (Gilbert, 1893; Shoemaker 1962). Although crater rims may appear circular down
to low impact angles (15°), the distribution of ejecta around the crater is more sensitive to the
angle of impact and currently serves as the best guide to the obliquity of the impact. Numerical
modeling has reproduced asymmetric ejection in oblique impacts, providing a means of
examining the production of distal ejecta (tektites and martian meteorites, see below), and
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Figure 5.15. Early phases of oblique impact into a target. Material distribution in the plane of impact
during the first 1.4 s after the contact (each 0.4 s). A 10 km diameter asteroid moves from the left with
velocity of 20 km/s and strikes a solid surface at the point x = 0, z = 0. The impact angle is 30° in the left

column, 45° in the center, and 90° (vertical impact) in the right column. The target is dark gray, atmosphere
is light gray and the projectile is stippled.
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Figure 5.16. Late stage of crater modification by transient cavity collapse. Evolution of the transient cavity

for a 45° impact. Patterned circle shows the projectile position at the moment of the first contact with the
target. Modeling is for a Chicxulub-scale impact (Ivanov and Artemieva 2002).
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revealing substantial differences between vertical and oblique impacts with regard to melt
production and the fate of the projectile.

The shock wave generated by an impact weakens with decreasing impact angle (Pierazzo
and Melosh 2000a; Artemieva and Ivanov 2001; Stoffler et al. 2002; Fig. 5.17). As a result,
both the isobaric core of the initially shocked target material and the volume of melt are
asymmetric, both concentrating downrange of the impact point and lying at shallower levels
in the target relative to the vertical impact case. The ratio of impact-melt (or vapor) volume to
projectile volume has a maximum for vertical (90°) impacts and decreases with impact angle
(Fig. 5.17). The decrease is slow for impact angles down to 45°, corresponding to a drop in this
ratio of about 20%. For impacts at 30°, however, the ratio decreases by about 50%, whereas
at 15°, it is less than 10% of the vertical case (Pierazzo and Melosh 2000a). By incorporating
the vertical component of impact velocity (Chapman and McKinnon 1986) standard scaling
laws originally proposed by Schmidt and Housen (1987) allow recalculation of these numbers
for oblique impacts relative to constant crater volume. In such a case, the ratio of impact-
melt volume to crater volume is greatest for a 30° impact (Artemieva and Ivanov 2001). In
general, however, scaling laws for oblique impact remain poorly understood for high-velocity
planetary impacts. Initial estimates show that high-velocity (>15 km s~!) oblique impacts have
practically the same efficiency and produce craters with the same volumes as vertical impacts
(Hayhurst et al. 1995; Burchell and MacKay 1998; Ivanov and Artemieva 2001), while
laboratory impacts (5-7 km s~!) lose their efficiency rather quickly (Gault and Wedekind 1978;
Schultz and Gault 1990). In principle, dimensions of low-velocity impact craters formed in the
laboratory depend only on the vertical component of the impact velocity.

Obliquity also influences the fate of the projectile. In particular, the amount and velocity
of ricochet are strong functions of impact angle (Schultz and Gault 1990; Pierazzo and Melosh
2000c; Artemieva and Shuvalov 2001). The mass of shock melt or vapor in the projectile
material decreases drastically for low impact angles as a result of the shock weakening for
decreased impact angles (Fig. 5.18). For asteroidal impacts, the amount of projectile vaporized
is limited to a small fraction of the projectile mass. Most of the projectile in cometary impacts,
however, is vaporized even at low impact angles. A large fraction of the projectile material
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Figure 5.17. Maximum shock pressures in the projectile and the target created with oblique impacts (the
central plane through the point of impact is shown). 10 km diameter projectile strikes a Chicxulub-like
target (3 km of sediments and 30 km of granite crust on top of a dunitic mantle) with the velocity of 20 km/
s. Impact angles are 30° (left plate), 45° (central plate), and 90° (right plate). Light gray color is for shock
modified material (20 GPa<P<55 GPa), gray is for melt zone (55 GPa<P<180 GPa), black corresponds to
0 to 30% of granite vaporization (180 GPa < P < 1000 GPa). Most of the projectile is melted or partially
vaporized after the shock release. The irregular shape of shock metamorphosed zone in the target is due to
refraction of shock waves at the crust/mantle boundary at the depth of 33 km.
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Figure 5.18. Shock pressure distribution in the projectile as a function of impact angle (from Pierazzo and
Melosh 2000c¢).

in oblique impact simulations retains a net downrange motion and a significant amount of it
may reach velocities close to or exceeding the escape velocity of Earth. Finally, most of the
projectile is ejected from the growing crater in the early stages of an oblique impact. This
“ricochet” could explain the absence or very low content of extraterrestrial material in some
large impact craters (Palme et al. 1978; Tagle et al. 2004).

Numerical models suggest that oblique impact is the only mechanism giving rise to very
special types of impact ejecta including tektites (glassy, cm-sized bodies, deposited within the
strewn fields, hundreds of km from the crater, but connected geochemically with the target
rocks of the crater) and meteorites from Mars and the Moon (Fig. 5.19). Full-scale, 3D mod-
eling (Artemieva 2001; Artemieva and Ivanov 2002) suggests that no specific conditions are
needed to produce these ejecta. The most conducive impacts likely have impact angles in the
interval from 30° to 60° and impact velocities typical for Mars (10 km s7!) or Earth (18 km s71).
The obvious deficiency of tektite strewn fields (only four known strewn fields for more than
160 impact craters) may be explained by erosion and weathering and/or a paucity of young
craters with diameters larger than 10 km. Martian meteorites may be launched by small asteroid
impacts with final crater diameters of 1-3 km (Head et al. 2002), under the restriction that solid
fragments larger than 20 cm in diameter are ejected at or above escape velocity from the upper
few meters of the target (Artemieva and Ivanov 2002). Detailed numerical simulations with
high spatial resolution of this upper layer do not support the idea of meteorite launch without
substantial (~10 GPa) compression. This numerical result agrees well with petrological data
(Fritz et al. 2003), but conflicts with simplified estimates by Mileikowsky et al. (2000) and is
only marginally compatible with magnetic data for ALH84001 (Weiss et al. 2000). Similar con-
clusions can be drawn for lunar meteorites for which the depth of the subsurface source layer
and the range of shock pressures is somewhat lower that in the martian case.

Verification of computer code by direct comparison with laboratory impact experiments,
such as those by Schultz and coworkers (e.g., Schultz 1996; Dahl and Schultz 2001), remains an
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Figure 5.19. Ejection of tektites from the Ries crater. Vertical slice XZ in the plane of impact is on the
upper plate, horizontal slice XY at an altitude of 8 km (see arrow) is on the bottom plate. 1.5 km in diameter
asteroid (shown as dotted circle) strikes the target at the point x = 0, y = 0, z = 0 with velocity of 20 km/s and
impact angle of 30°. Density distribution two seconds after the contact is shown in gray scale, microtektites
(<0.1 cm) are shown as white, real tektites (>1 cm) are shown as black.

open issue. Problems in comparing experiments and numerical modeling include lower impact
velocities and small scale in impact experiments; however, limitations also exist in the computer
simulations. Notwithstanding their fundamental role in the investigation of oblique impacts, lab-
oratory experiments cannot achieve the impact velocities and scale typical of planetary impacts.
These limitations necessitate the use of numerical modeling for the study of impact events.

3. THE LUNAR IMPACT FLUX AND CRATER PRODUCTION FUNCTIONS

3.1. Crater production functions

Several decades of lunar exploration have accumulated enough data to present an approxi-
mate 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 that the SFD has been
relatively stable since the end of the early heavy bombardment and that the process of crater
formation is still going on. Impact craters represent therefore a record of small body evolution
and Solar System chronology.

Despite a comprehensive study of the Solar System cratering record, the question of the
“exact” form of the size-frequency distribution of impact craters created on a fresh geologic
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unit (i.e., totally rejuvenated at the beginning of cratering with no further obliteration of cra-
ters) is far from a final answer. Partially this is a consequence of the fact that it is difficult to
identify large “fresh” surfaces because, in most cases, planetary surfaces have a complex geo-
logic history with simultaneous crater accumulation and degradation (e.g., Hartmann 1995).
However, some general conclusions can be drawn. Today there are two independent evalua-
tions of the production SFD, named “Hartmann’s SFD” and “Neukum’s SFD” after the names
of the main proponents.

Three main forms of SFD presentations are used. The cumulative form presents the
number of craters with diameter equal or greater than D: N = N(>D). The differential
(incremental) distribution (i.e., the Hartmann production function) is the derivative dN/dD
of the cumulative SFD N(>D). It gives the number of craters in equal diameter bins: N(D,
D + AD). The incremental distribution is a log-incremental distribution where bin boundary
diameters have a constant ratio (e.g., from 1 to 2 km, from 2 to 4 km, etc.). As the crater SFD
is close to a power law, the relative distribution R (or R-plot) presents the deviation of the SFD
from the “base” power law:

R = D? (dN/dD) (5.10)
In practice, the R distribution is calculated on the basis of finite increments of D.
3.2. Hartmann production function — HPF

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 (see Neukum et al. 2001). In this case the condition for a fresh surface is satisfied
by the fact that most lunar mare basalt samples have a narrow range of ages around 3.2 to 3.5
Ga (Stoffler and Ryder 2001), which restricts the lunar maria to an age range within 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 construction
of the power function. Hartmann uses a log-incremental SFD representation with a standard
diameter bin size. The number of craters per km?, Ny, is calculated for craters in the diameter
bin D;zr < D < Dpgr, Where Dy pr and Dygr are the left and right bin boundary and the standard
bin width is Dggr= 22D, ;. Hartmann et al. (2000) approximated the tabulated HPF in the
form of a piece-wise, three-segment power law (coefficients first published jointly by Hartman
and Neukum et al. 2001):

log NH=—2616—3.82 log DLFT; DLFT< 1.41 km (5.113)
log NH =-2.920-1.801log Dyrr; 1.41 km < Dy py < 64 km (5.11b)
log NH =-2.198 —2.20 log D;rr; Dypr > 64 km (5.11¢)

This function is shown in Figure 5.20. Hartmann’s choice of power law segments was
made in the 1960s when he began this work and was made for historical reasons. At that
time, only the shallow branch 1.41 km < D < 64 km was well established, while the pre-
existing literature had suggested such laws for asteroids and meteorites, which Hartmann was
attempting to relate to the lunar data.

3.3. Neukum production function (NPF)

In a series of publications, Neukum proposed an analytical function to describe the
cumulative SFD of lunar impact craters (Neukum 1983; Neukum and Ivanov 1994). Neukum
showed that the production function had been more or less stable from Nectarian to Copernican
epochs (i.e., from more than 4 Ga until the present). By this time the full size spectrum of craters
was known, and in contrast to the piecewise exponential equations used for the HPF, Neukum
computed a polynomial fit to the cumulative number of craters, N, per km? with diameters larger
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Figure 5.20. (a) Incremental representation of the Hartmann production function (HPF). The HPF, in a
direct sense, is the set of points shown in the plot as squares. Straight lines represent the piece-wise power
law fitting of the data (Eqn. 5.11). (b) Comparison of production functions derived by Hartmann (HPF,
shown as diamonds) and Neukum (NPF) in the R plot representation. The maximum discrepancy between
HPF (2) and NPF (3) (roughly a factor of 3) is observed in the diameter bins around D ~ 6 km. Below D ~
1 km and in the diameter range of 30-100 km, the HPF and NPF give the same or similar results. Fitting
the HPF to NPF Equation (5.12) yields a model age of 3.4 G.y. The NPF, which is fit to the wide range
count of impact craters in the Orientale Basin, yields a model age of ~3.7 G.y. The dashed line 1 represents
the approximate saturation level estimated by Hartmann (1995). The HPF power law segments (solid line
labelled 2 in part b) correspond to Equation (5.11a) for D < 1.41 km, to Equation (5.11b) for 1.41 km <D
< 64 km, and to Equation (5.11c) for D > 64 km.

than a given value D. For the time period of 1 Ga, N(D) may be expressed (Neukum 1983) as:

11
log o (N)=ay+ Y. a,[log,o(D)]" (5.12)
n=1
where D is in km, N is the number of craters with diameters >D per km? per Ga; the
coefficients a, are given in Table 5.4. Equation (5.12) is valid for D from 0.01 km to 300 km.
Recently, the NPF was slightly reworked toward the largest craters by re-measuring in that
size range (Ivanov et al. 1999, 2001; Neukum et al. 2001). The time dependence of the ay-
coefficient is discussed in the following subsection. A similar equation is used to characterize
the projectile SFD derived in Ivanov et al. (2001). Coefficients for this projectile SFD are also
listed in Table 5.4. In the projectile SFD column, the first coefficient ay has been set to zero for
simplicity. This coefficient determines the absolute number of projectiles. The absolute value
of a, for projectiles may be found by fitting to observational data (see Section 3.7).

3.4. Towards a unified production function

In Figure 5.20b, the NPF and HPF are shown in an R-plot together with representative
data for crater counts on the lunar maria and the Orientale basin. The NPF was fit to the crater
counts using an assumed age of average lunar maria of 3.2 to 3.5 Ga. We find that both the
HPF and NPF are a good match to the observational data below D ~1 km. However, for D > 1
km, the HPF lies 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 30 < D < 100 km range, the HPF and NPF give the
same or similar results.
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Table 5.4. Coefficients of the analytic production function (Eqn. 5.12) for cumulative number
of craters N(D) with diameters larger than D, and relative number of projectiles R(Dp)"*
assumed from measured N(D).

a “Old” N(D) “New” N(D) “New” N(D) Projectile R(Dp)
n (Neukum 1983) (Neukum et al. 2001) sensibility™* (Ivanov et al. 2000)

a -3.0768 -3.0876 —

a; -3.6269 -3.557528 +38% +1.375

a +0.4366 +0.781027 +39% +0.1272

a3 +0.7935 +1.021521 +25% -1.2821

a +0.0865 -0.156012 +1.6% -0.3075

as -0.2649 —0.444058 +0.88 % +0.4149

ag -0.0664 +0.019977 +13% +0.1911

ay +0.0379 +0.086850 +0.78 % —0.04261

ag +0.0106 -0.005874 +1.8% -0.03976

a9 -0.0022 -0.006809 +1.8% -3.1802x1073

o -5.18x10™* +8.25x10™ +5.6% +2.799x1073

an +3.97x107° +5.54x1073 +24.1 % +6.892x10~*

app — +2.614x10°¢

arz — -1.416x1075

ayy — —1.191x10°

Relative number of objects (craters or projectiles) is defined as (e.g., Hartmann et al. 1981) R(D) = D, 3(dN/dD,)
where N is the cumulative number of objects with size larger D, (crater diameter, D, or projectile diameter, Dp,
correspondingly).

™ “Sensibility” is the coefficient variation which changes the N(D) value by a factor of 2 up and down.

Although Figure 5.20b shows that the HPF and NPF share some similarities, the factor
of 3 discrepancy for 2 < D < 20 km craters requires further investigation. The discrepancy
between HPF and NPF reflects the discrepancy in observational data used to construct the
production function. A real “unification” of two types of production functions would require a
re-counting of craters in critical areas. In general, one should be cautious in interpreting data
in this range, particularly since different data sets show somewhat different SFD curvatures.
Additional studies of lunar mare data are needed to further refine the accuracy of the main
production-function curve.

To use a production function, one should first select a portion of the lunar surface where
all the accumulated craters since the last resurfacing event can be counted. Examples of such
“time slices” are:

a) The Orientale basin, which erased a large area near the base of the Imbrian
stratigraphic horizon.

b) The emplacement of mare basalts (Hartmann 1970; Hartmann et al. 1981);

c) Eratosthenian-ages craters, which mostly have good stratigraphic dates (Wilhelms et
al. 1987)

Figure 5.21 shows crater counts for lunar areas that differ by a factor of 100 in the density
of craters per unit area. An examination of these “time slices” suggests that we cannot rule
out the simple hypothesis that the lunar production function had a constant shape from ~4
Ga (lunar highland formation) to ~1 Ga (ray craters). Thus, in the limits of data accuracy, we
can assume that the projectile SFD was stable over this interval. To test this hypothesis, we
compare lunar data to the cratering records found on other planets and asteroids (Sections
3.5-3.7).
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Figure 5.21. R plot for several “time slices” of the lunar impact chronology fitted with the NPF curve (Eqn.
5.11b). See data description in Neukum et al. (2001).

Although the HPF and NPF are somewhat different, both assume that the general shape
of the SFD of impactors striking the Moon over the last 4 Ga was the same. A different point
of view is given by R. Strom (Strom and Neukum 1988; Strom et al. 1992), who claims that
the “modern” (post-mare) production function is quite different from that produced during
the epoch of the early heavy bombardment. A more extensive treatment of this subject can be
found in Strom and Neukum (1988).

3.5. SFD for craters in comparison with asteroids

Recently improved data in astronomical observations of asteroids permit comparison of
SFED for lunar craters and asteroids. Using the impact cratering scaling laws and average impact
velocity for asteroids (see review by Ivanov et al. 2001), one can convert the lunar production
function into a “projectile” size-frequency distribution. This “crater-derived” SFD may be
compared directly with astronomical observations of main belt asteroids (Ivanov et al. 2003).

Deviations from a simple power-law SFD of craters considered above suggest that the
SFD of asteroids also deviates from a simple power law. A possible mechanism for producing
such deviations is based on modeling results describing impact evolution in the main belt
(i.e., a “wavy” SFD according to Campo Bagatin et al. 1994a,b; Durda et al. 1998; Davis et
al. 2002). For bodies with diameters near a few hundred meters, self-gravity helps prevent
catastrophic disruption events by allowing fragments to re-accumulate with the target asteroid
(e.g., Love and Ahrens 1996; Melosh and Ryan 1997; Benz and Asphaug 1999). As bodies
get stronger via gravity, more projectiles of that size are available to disrupt larger asteroids,
ultimately leading to a wave in the shape of the SFD.

The Spacewatch data (Jedicke and Metcalfe 1998) and data of the Sloan digital sky survey
(Ivezic et al. 2001) allow estimation of the asteroid SFD down to diameters of approximately
300 m. Observational data agree reasonably well with the “projectile” size frequency
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distribution derived from the lunar crater curve (Ivanov et al. 2003). This similarity supports
the idea that lunar craters may result from bombardment by collisionally evolved families of
projectiles, similar to those in the modern Main Asteroid Belt.

3.6. Near-Earth Asteroids

An SFD similar to the one of the Main Belt is found for Near-Earth Asteroids (NEAs).
Figure 5.22 summarizes several recent SFDs estimated from astronomical observations and
models of the NEA population. These results are compared to the projectile SFD derived from
lunar cratering records with HPF and NPF. The similarity between the following SFDs, (1)
crater-forming projectiles derived from 1 to 4 Ga old surfaces on the Moon, (2) the observed
main belt asteroid population, and (3) NEAs (Fig. 5.22), suggests a common connection,
namely that the main belt is the predominant source of both the current NEA population and
those projectiles that have struck the Moon over the last several Ga.

3.7. Craters on Earth and other terrestrial planets

Having the “projectile” SFD estimates on the basis of lunar crater counts, it is possible to
construct model crater SFD’s for Mercury, Venus, Earth, and Mars, and to compare the model
SFD with real observation. The construction of model SFD’s takes into account different
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Figure 5.22. Estimates of a cumulative, N > Dp, size-frequency distribution for NEAs. The solid, dashed,
and dotted lines are model distributions derived from the HPF and NPF for various assumed strength-to-
gravity transition diameters for lunar craters. The absolute position of these curves corresponds to the lunar
chronology (Eqn. 5.12) combined with estimated average impact probability for Earth-crossing asteroids
(ECAs). The number of NEAs (defined as bodies with ¢ < 1.3 AU) is larger. For observed bodies with H <
15, the ECA to NEA ratio is ~0.57. Recent astronomical estimates by Rabinowitz et al. (2000), Morbidelli
et al. (2001), and Stuart (2001) are generally consistent with these estimates. Satellite observations of
bolides entering Earth’s atmosphere (Nemtchinov et al. 1997) are consistent with our results for small
(Dp < 10 m) bodies, although we caution that it is problematic to convert light flashes detected in the
atmosphere into projectile sizes. The average probability of ECA impacts is used to estimate the total
number of projectiles and the impact (or atmospheric entrance) rate.
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gravity values and different average impact velocities for these planets (see details in Ivanov
2001; Ivanov et al. 2001; Neukum et al. 2001).

A recent review of the recalculation of the lunar SFD for the conditions of other planets
is given by Ivanov et al. (2003). A tentative conclusion from the review is that within the
limits of data accuracy, the size-frequency distribution of craters and, hence, of crater-forming
projectiles, appears similar in time (for older and younger craters) and space (for terrestrial
planets). Variations in the projectile SFD cannot be excluded (e.g., the role of comets is not yet
well defined). However, the assumption of a constant shape of the crater production function
(SFD) as a function of time is a reasonable starting point for further discussion. The constant
shape of the production function means that the systematic deviation of the lunar crater SFD
from a simple power law is stable and is the same for the early heavy bombardment projectiles
and for the current near-Earth asteroids. Within model constraints, crater counts can be used as
a measure of a relative crater retention age for various areas on the Moon. The absolute ages
have been inferred from the dating of lunar returned samples (Sections 5.5-5.7).

Details of the crater SFD for other terrestrial planetary bodies will not be discussed here.
However, we briefly present the cratering record of the Earth to represent the Earth-Moon
system as a whole. A comprehensive discussion of the lunar chronology from cratering
statistics is given in the following sections.

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
differs from the production function. The inspection of data from the North American and
European cratons (Grieve and Shoemaker 1994) suggests that it is possible to distinguish two
populations of craters:

1) 8 craters with diameters from 24 to 39 km, the oldest being ~115 Ma
2) 8 craters with diameters from 55 to 100 km, with the oldest being ~370 Ma

The oldest age in each set gives an estimate of the accumulation time. For a proper balance
between crater diameter bin width and the number of craters per bin, only two bins for each age
sub-population are used to represent the crater production rate. We assume that craters smaller
than ~20 km in the younger set and smaller than ~45 km in the older set are depleted by erosion.
The poor statistics for terrestrial craters do not help to resolve the production function’s shape;
however, the terrestrial craters do help to constrain variations in the impact rate.

Figure 5.23 shows cumulative curves recalculated from lunar data for terrestrial craters
for crater retention ages of 0.125, 0.36, and 1 Ga. Subsets of the database from Grieve and
Shoemaker (1994) for smaller younger craters (the oldest one is 115 Ma) and larger older craters
(the oldest one is ~370 Ma) are in a good agreement with properly scaled lunar isochrones.
Recently Hughes (2000) published estimates for the terrestrial cratering rate averaged for the
last 125 Ma using the “nearest neighbor” approach. This technique results in estimates that are
also near (within error limits) model “lunar analogue” curves (Fig. 5.23). Thus, within a factor
of 2 (which is close to error bars shown in Fig. 5.23), a reliable first approximation is to assume
a constant cratering rate after the end of the heavy bombardment. Previously, the Phanerozoic
cratering rate has been assumed to be larger than the average cratering rate for the last 3 Ga (in
contrast to approximately constant impact rate). Partially this contradiction is due to a widely
accepted concept that the cumulative number of terrestrial craters may be approximated with
a simple power law (e.g., Grieve and Shoemaker 1994; Hughes 2000). The simple power law
approximation used, for example, by Hughes (2000), with a cumulative exponent of —1.86, is
shown as a dashed line in Fig. 5.23. Projecting the data from the crater diameter range of 10 to
50 km to the normative diameter D = 1 km can produce misleading results of N(D = 1). Using
the lunar like non-power law curve gives less deviation from a constant cratering rate on Earth
(and on the Moon) for the last 3 Ga.



554 Stoffler et al.

Terrestrial cratons:

¢  Grieve&Shoemaker (1934), ~360 Myr

A Grieve&Shoemaker (1934), ~120 Myr

Avd Hughes (2000}, ~125 Myr

510

é -6 WWW\.:V%
] iy
I|A \\

1 10 100
D, km

Figure 5.23. Terrestrial cratering data in cumulative form. Data for terrestrial cratons from Grieve and
Shoemaker (1994)—area of 17.6 10® km?>—are shown as diamonds (for craters younger than ~ 360 Ma)
and upward triangles (for craters younger than ~120 Ma). Downward triangles are for estimates by Hughes
(2000). Solid curves are isochrones recalculated from lunar data with an account for different gravity and
average impact velocity on the Earth. Dashed line illustrates a power law approximation of younger data
with an exponent —1.86 used by Hughes (2000).

4. RELATIVE AGE DATING OF LUNAR SURFACE UNITS AND THE LUNAR
STRATIGRAPHY

4.1. Principles of relative age dating

Baldwin (1949) provided strong arguments for the impact origin of lunar craters and for
the volcanic nature of the mare plains. He also introduced general time relationships based
on crater densities and superposition. Following the principles of Gilbert (1893), which
were based on telescopic observations, geological mapping of the Moon was pioneered by
Shoemaker and Hackman (1962) in preparation of the Apollo program. Lunar Orbiter and
Apollo images greatly expanded the telescopic observations and permitted establishment of
rock-stratigraphic units.

Lunar mapping and stratigraphy depends on morphologic characteristics, superposition
relationships, albedo, and remotely sensed chemical composition of surface units rather than
on a detailed examination of rock units and their mutual boundary characteristics. On the
Moon, rock-stratigraphic units are primarily understood as morphologically distinct entities
formed at a specific time by a defined geological process. Some units, however, remain of
uncertain origin, and may have formed over a period of time rather than in a specific event
(e.g., the “light plains” in the highlands).

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 et al. (1987). Work on defining the relative ages of
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units, their geological and chemical definition,
and their formative processes has continued
since and progressed with global data obtained
from the Clementine and Lunar Prospector
missions (e.g., Nozette et al. 1994; Staid et al.
1996; Binder 1998; Jolliff et al. 2000b; Staid
and Pieters 2001; Feldman et al. 2002). These
missions have also helped to understand more
of the third dimension of the lunar crust.

The fundamental method used for relative
age dating is the application of the law of
superposition. 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 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. The use of size-
frequency distributions as measures of relative
ages has been long established (reviewed in
Hartmann et al. 1981; Wilhelms 1984; Wilhelms Figure 5.24. Principal graph for age dating

et al. 1987; Fig. 5.24). of planetary surfaces by cumulative crater
frequencies as a function of crater diameter;
the kinks in the curves define the parameter

FREQUENCY ——————

DIAMETER ———————

The degree of crater degradation is also

an indicator of relative age. For a given size, C, which is the transition diameter between
a fresh crater is younger than a degraded one. the crater production curve (steep) and the
The overall morphology of craters indicates crater saturation curve (flat); Cg, Csp, and

Cs; represent increasing relative crater
retention ages; from Wilhelms et al. (1987)
(courtesy of the U.S. Geological Society).

their relative ages; for instance, older craters
are systematically shallower and smoother
than younger craters of the same size because
of impact erosion. Some erosion-based method
is especially needed where the geologic unit of interest is too small for significant crater size-
frequency determination. However, several different ways of addressing the morphology of a
crater exist. Numerical values such as Dy relate to the size of the largest crater that is nearly
destroyed (Soderblom and Lebofsky 1972; Boyce and Dial 1975; Wilhelms 1980). On small
surfaces, such a crater will not necessarily be apparent, and D; is defined as the diameter of
craters with the shallow wall slope of 1° (Wilhelms et al. 1987). Despite some pitfalls, this
method has been successful and used extensively (Wilhelms et al. 1987; see Table 5.5).

4.2. The lunar stratigraphy

Lunar stratigraphy establishes geologic units and arranges 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. Such units are preferably impact
basins, impact craters, and lava flows. Morphological units, rather than the exposed bedrock,
are necessarily used in photo-based stratigraphy. These units are assembled into higher-order
systems, and Rock System boundaries so defined are intended to be the same absolute age
everywhere. This chronostratigraphic division (Systems, Series) can be converted into a
chronometric division (Periods, Epochs), and with application of radiogenic ages, into absolute
time. Figure 5.25 shows these stratigraphic columns, following Wilhelms et al. (1987).

4.2.1. Pre-Nectarian System. The pre-Nectarian System comprises all landforms older
than the Nectaris basin, and includes about 30 recognized impact basins. Some of these
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Table 5.5. Stratigraphic criteria for lunar time-stratigraphic units (after Wilhelms et al. 1987).

System or Crater frequency (number per km?)

. Cs (m D; (m
Series >1km 220 km s (m ()
Copernican <7.5x107* (mare) /a N < 165 (mare)
System < 1.0x1073 (crater) ’ < ca. 200 (crater)
Eratosthenian <7.5x10™* to
System ~2.5%10° (mare) n/a < 100 (mare) 145-250 (mare)
Upper Imbrian ~2.5x1073 to s
Series ~2.2x10 (mare) 2.8 x 10 80-300 (mare) 230-550 (mare)
Lower Imbrian , . s .
. ~2.2-4.8x1072 (basin) 1.8-3.3x10 320-860 (basin) n/a
Series
9
Nectarian System n/a 2.3-8.8x107° 80040.00( ) n/a
(basin)
Pre-Nectarian n/a >7.0x10° > 4000(?) (basin) n/a

System

D;: diameter of largest crater eroded to 1° interior slopes; Cs: limiting crater diameter for the steady state crater
frequency distribution (Fig. 5.24) and from the approximate formula; Dy = 1.7 Cs; n/a = not applicable.

landforms directly underlie deposits of Nectaris, and others are recognized as pre-Nectarian by
the size-frequency curves of superposed craters (Fig. 5.26; Table 5.5). The oldest recognized
basin is Procellarum, but this basin may not be of impact origin. The oldest basin of clear
impact origin is South Pole-Aitken, which is also the deepest and the largest (Spudis 1993). The
pre-Nectarian landforms are dominantly of impact origin; no volcanic landforms or tectonic
features have been recognized. Pre-Nectarian terrain is predominant on the lunar farside (Fig.
5.27). Any rocks from such ancient terrains in the Apollo or Luna sample collections have
been reworked as fragmental material into later impact-breccia deposits.

4.2.2. Nectarian system. The Nectarian System includes all landforms produced between
the formation of the Nectaris impact basin and the formation of the Imbrium impact basin.
Nectaris itself has deposits over a fairly wide area. Eleven other Nectarian basins have been
recognized, including Serenitatis and Crisium (Fig. 5.26). Direct superpositional relationships
allow some definition of their stratigraphic sequence, but some crater frequency distributions
have been affected by later basins, e.g., 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 (Fig. 5.28; Wilhelms et al. 1987). The
Nectarian System has been masked by the Imbrian basins and later volcanic activity; thus, it
is much more common on the lunar farside (Fig. 5.27). More recent studies of the relative and
absolute ages of lunar mare basalts (Hiesinger et al. 2003) suggest that mare volcanism started
already during the Nectarian Period (assuming a 3.92 Ga age of Nectaris, see below). Basaltic
volcanism continued throughout all later Periods and ended around 1.2 Ga ago (Hiesinger et
al. 2003) within the Eratosthenian or even Copernican Period depending on the assumed age
for the Eratosthenian-Copernican boundary, which is either around 1.5 to 2 Ga or near 0. 8 to
1 Ga (see discussion in Stoffler and Ryder 2001 and Hiesinger et al. 2003, and in Section 6).

4.2.3. Lower Imbrian Series. The Lower Imbrian Series comprises all landforms produced
between the formation of the Imbrium impact basin and the formation of the Orientale impact
basin (Table 5.5). The deposits of these two basins constitute extensive, laterally continuous
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Figure 5.25. The lunar stratigraphic column with rock-stratigraphic, time-stratigraphic and time units
(from Wilhelms et al. 1987, courtesy of the U.S. Geological Society).

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 Schrodinger basin and its ejecta is
Lower Imbrian, but no other basins are in the Lower Imbrian. The size-frequency distribution
curve for Orientale deposits lies slightly below that for Imbrium, and both are distinctly below
the curve for Nectaris basin deposits (Fig. 5.26). Many “light plains”, including the Cayley
plains on which Apollo 16 landed, have a Lower Imbrian age (Fig. 5.28), and many may be
related to the Imbrium basin. A volcanic origin has also been proposed for at least some light
plains, despite the absence of volcanic rocks in the Apollo 16 samples. The Apennine Bench
formation, a plains unit within the Imbrium basin, may be a volcanic unit, as it correlates
chemically with samples of volcanic KREEP basalt collected at the Apollo 15 landing site.

4.2.4. Upper Imbrian Series. The Upper Imbrian Series includes the landforms produced
between the formation of Orientale, the youngest impact basin, and an upper boundary that is
defined on the basis of D; values (Table 5.5). 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 (Fig. 5.29). 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, Humorum, Nubium, Cognitum, eastern Imbrium, and western
Oceanus Procellarum, and several other areas including all the farside mare plains, are part
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Figure 5.27. Geologic map of the nearside and farside of the pre-Eratosthenian Moon showing the Imbrian,

Nectarian, and pre-Nectarian Systems (compiled from Plates 3A and 3B of Wilhelms et al. 1987, courtesy
of the U.S. Geological Society).
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Figure 5.28. Geologic map of the distribution of “light plains” on the nearside and farside of the moon
(from Wilhelms et al. 1987, courtesy of the U.S. Geological Society).
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Figure 5.29. 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 et al. (1987)
(courtesy of the U.S. Geological Society).
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of the Upper Imbrian Series (Fig. 5.29). 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 Lunar Prospector orbital data (e.g., Staid et al.
1996; Jolliff et al. 2000b; Staid and Pieters 2001; Hiesinger et al. 2003). 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, notably the
Apollo 15 green glass and the Apollo 17 orange glass. 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 Lower Imbrian Series.

4.2.5. Eratosthenian System. The Eratosthenian System is less clearly defined than other
systems (Table 5.5). Its upper boundary is even more ambiguous than the lower boundary.
Formally the distinction between the Eratosthenian and the subsequent Copernican systems
was made according to whether a crater was non-rayed (Eratosthenian) or bright-rayed
(Copernican). Eratosthenes itself lacks rays, and Copernicus has bright rays, but according
to Stoffler and Ryder (2001) neither crater defines either the base or the top of its eponymous
system, instead lying within it. 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 between the
impacted target and the region of ejecta deposition. For such reasons a distinction should be
made between “compositional” and “maturity” rays which may have different lifetimes (Grier
et al. 2001). In any case, superposition on rays of Copernicus establishes a Copernican age.
Crater counts on ejecta blankets of Copernican craters are of limited use because most craters
are too small for good statistics. The same limited-area constraint applies to Dy (~140 m) as
well, and there is the further problem that D; requires a flat surface, restricting measurements
to the small, interior impact-melt region of a crater. Other criteria have been used including
infrared (Copernican craters are hotter) and radar (blockier). A new parameter of optical
maturity derived from global orbital spectral reflectance measurements from the Clementine
spacecraft (Chapter 2) is a promising candidate for a more rigorous determination of 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; Fig. 5.29). The plains include those sampled at the Apollo 12 landing site in Oceanus
Procellarum. None of the dark mantling volcanic-glass deposits appears to be Eratosthenian.
Eratosthenian mare and crater deposits interfinger on much of the central and western nearside
of the Moon, enabling a detailed relative stratigraphy to be derived. However, these show
that some mare plains traditionally mapped as Eratosthenian embay bright-rayed craters,
which must then be assigned to the Eratosthenian, meaning that not all rayed craters must be
Copernican.

4.2.6. 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 5.5). Despite the difficulty of using rays in defining a lower boundary
(see above), 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, although the landscape effects can be global: The rays of Tycho
stretch almost around the entire Moon. There are only half as many Copernican craters in any
given size range as there are in the Eratosthenian (44 larger than 30 km, cf. 88 in the Eratosthe-
nian). Some patches of mare basalt do overlap rayed craters, and on the basis of craters counts
also seem to be Copernican in age (e.g., Schultz and Spudis 1983), mainly in northern Oceanus
Procellarum. This interpretation depends, of course, on the definition and absolute age of the
lower boundary of the Copernican system (e.g., Hiesinger et al. 2003, and discussion above).
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5. GEOLOGIC PROVENANCE AND RADIOMETRIC AGES
OF LUNAR ROCKS

5.1. Geologic provenance and stratigraphic significance of lunar samples

Six manned Apollo missions and three robotic Luna missions returned samples from
different geologic settings on the Moon (Fig. 5.1, Table 1.1). More than 30 distinct meteorites are
recognized as being of lunar origin (Meteoritical Bulletin 2004; <http//epsc.wustl.edu/admin/
resources/meteorites/moon_meteorites_list.html>). The missions provided samples of basaltic
rocks and glasses from mare terrain (Apollo 11, 12, 15, and 17; Luna 16, 24) and impactites
(polymict breccias, impact-melt lithologies, and granulitic lithologies) from highland terrain
(Apollo 14, 15, 16, 17; Luna 20). The lunar meteorites are derived from unknown locations in
the mare as well as highland regions. The proportions of mare and highland derived meteorites
indicates that they most likely represent the whole surface of the Moon.

It is obvious that the highland samples are highly processed by multiple impact cratering
events. In relation to the primary igneous highland rocks (anorthosite, norite, gabbro,
troctolite, dunite) the vast majority of returned samples represent second or third generation
rocks. Moreover, thermally processed rocks occur as granulitic rocks and granulitic breccias
whose compositions indicate polymict (anorthositic-noritic) precursors.

According to the different types of rocks—igneous rocks, crystalline impact-melt rocks
and impact glasses, thermally metamorphosed rocks (granulitic lithologies) and polymict
clastic matrix breccias (Table 5.6-5.8; Stoffler et al. 1980; Heiken et al. 1991)—different
types of ages can be obtained by radiogenic isotope dating. These include (1) crystallization
ages defining either magmatic, impact melting or recrystallization events, (2) impact breccia
formation ages defining the time of the assembly and deposition of a polymict breccia, and
(3) exposure ages defining the time since which an impact-displaced rock fragment has been
exposed to cosmic rays. Concerning methods of radiogenic isotope dating, we refer to the lit-
erature (e.g., Faure 1986; Dalrymple 1991). General reviews of the results of lunar chronology
have been provided by Turner (1977), Dalrymple (1991), Nyquist and Shih (1992), and Snyder
et al. (2000), among others.

Radiometric ages of the different types of lunar samples are of very different geological
significance which can only be derived by a careful textural analysis of the samples and their
geologic setting with respect to a specific formation defined by photogeologic techniques. This
hold particularly for all types of polymict rocks (breccias, impact melts). In principle, direct
age dating of a parent geologic formation is only possible for mare basalts. Radiometric ages
of igneous highland rocks cannot be related to any corresponding geologic surface formation
on the Moon. There is the additional problem that none of the rock samples was collected
directly from a bedrock unit as the entire lunar surface is covered with impact-produced
regolith at least several meters thick. Consequently, the interpretation problems are different
for the different types of rocks:

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 likely 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. Radiometric 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 individual clasts
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Table 5.6. Radiogenic crystallization ages (Gyr) for igneous lunar highland rocks.
Sample! YOAr-YAr” Rb-Sr Sm-Nd  U-Pb, Pb-Pb
Ferroan 22013,9002 4517
Anorthosite 60025 4.44 £ 0.02 4.51 £0.01

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
Magnesian Troctolite 76535 419+0.02 451007 4.26+0.06 4277
Suite Plutonic 4.16 £ 0.04
Rocks 4.27 +£0.08
14306,150 (?7) 4.245 £ 0.075
Dunite 72417 4.47 +0.10
Norite 14305;91 (?) 4.211 £ 0.005
15445;17 4.46 £0.07
15445;247 4.28 £0.03
15455;228 449 +0.13 4.53+0.29
72255 4.08 £ 0.05
73215;46,25 4.19£0.01
77215 433+£0.04 437x0.07
78235 4.426 + 0.065
78236 439+7 429+0.02 4.43+0.05
4.11£0.02 4.34 £0.04
Gabbro- 67667 4.18 £0.07
norite 73255¢ 4.23 +0.05
Alkali 14066;47 (?) 4.141 £ 0.005
Rocks 14304 clb 4.34+£0.08* 4.108 +0.053
14306;60 (7) 4.20 +0.03
14321516 ¢ 4.028 + 0.006
67975;131 4.339 £ 0.005
KREEP AlI5 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
Monzogabbro Al7 KB 15434 particle 3.83+0.05
QM) 72275 3.93+0.04
4.04£0.08 4.08£0.07
oM 15405,57 4.297 +£0.035
15405,145 4.309 £ 0.120
Granite and 12013 >4.08
Felsite 12033,507 3.883 +0.003
12034,106 >3.916 +0.17
14082,49 4.216 = 0.007
14303 cl 4.308 = 0.003
14311, 90 4.250 +0.002
14321 B1 (c1?) K-Ca: 4.010 £ 0.002
14321 cl 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

Notes: " including split number if given by author; * only given if suggestive of crystallization age; * disturbed and suspect;
cl = clast; (?) uncertain split number
Decay constants from Steiger and Jager (1977); for references see Papike et al. (1998); from Stoffler and

Ryder (2001).
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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. 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). 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).

5.2. Radiometric ages of lunar rocks

Radiogenic isotope ages of lunar rocks have been determined on numerous rocks col-
lected at the Apollo and Luna landing sites as individual fragments or as clasts within polymict
breccias, and for lithic and mineral fragments extracted from lunar meteorites. The data are
from several different methods, especially Rb-Sr and Sm-Nd isochron and Ar*0-Ar® stepwise-
heating methods. The data of relevance are those which directly date or indirectly constrain
the age of morphological units. In particular these are crystallization ages for volcanic rocks
and impact melts. It is beyond the scope of this paper to provide a complete compilation of all
available data. The reader is referred to review papers and data compilations (e.g., Dalrymple
1991; Heiken et al. 1991; Nyquist and Shih 1992; Papike et al. 1998; Nyquist et al. 2001;
Snyder et al. 2000). The use of these ages in dating specific surfaces and units is discussed in
Section 6.

Ages of specific plutonic and volcanic ancient highlands igneous rocks are listed in Table
5.6, which is a fairly complete list of available data, including ancient mare basalts. Most of
these ages are inferred to be crystallization ages. They can rarely be used to directly date a
geologic unit, but can provide a lower limit in some cases.

Crystallization and recrystallization ages for clasts in specific polymict highlands rocks,
mainly impact melts and granulitic breccias, are listed in Table 5.7. This is a representative list,
but not complete. Most of these samples are fine grained, leading to the dominance of Ar*’-
Ar®® ages. Few of these ages directly date specific geologic units as discussed in Sections 2 and
6. Some impact-melt rocks, for example at Apollo 17, may directly date impact basins on the
basis of geological relationships, in this case, Serenitatis. Clasts in breccia units constrain the
ages of such units by being enclosed in them. Some of the samples have been inferred to be
ejecta from large craters such as Copernicus (e.g., at Apollo 12), and reheated by those events,
providing a means of dating them.

Ages for groups of mare basalts are listed in Table 5.8. Unlike Tables 5.6 and 5.7, these
ages are not for specific samples but are best estimates for groups, because chemistry, isotopes,
and petrography allow the definition of multiple samples as from a single event and single
units. More than one basalt group, with at least some differences in age, exists at each landing
site; thus geological arguments are needed to establish which represents best the age of the
surface on which crater counts have been established.

A separate group of ages consists of exposure ages, dating when the surface of a sample
was exposed to cosmic and solar rays. Such dating is limited to rim deposits of young
Copernican craters at the Apollo landing sites, such as North Ray and South Ray Craters
(Apollo 16), and Cone Crater (Apollo 14), or to the landslide and secondary cratering at the
Apollo 17 site inferred to be from Tycho. Others again reflect purely local events of no great
stratigraphic significance in the context of this paper.
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Table 5.7. Representative radiogenic crystallization ages (Gyr)
for polymict lunar highland rocks.
Sample* Description “Ar-¥Ar Rb-Sr
Fragmental 14064,31 KREEP melt clast 3.81+0.04
Breccias 67015,320 feldspathic melt blobs 3.90+0.01
67015,321 VHA melt blob 3.93 £0.01 (K-Ar)
Glassy 61015,90 coat 1.00 £ 0.01
Breccias 63503 particle Im  glass fragment 2.26 +0.03
and Glass 675674 slaggy bomb 0.84 +0.03
67627,11 slaggy bomb 0.46 +0.03
67946,17 slaggy bomb 0.37 +£0.04
Crystalline 14063,215 poikilitic impact melt 3.89 +0.01
Melt Breccias 14063,233 aphanitic impact melt 3.87 £0.01
14167,6,3 melt 3.82£0.06
14167,6,7 melt 3.81+0.01
15294,6 poikilitic, Gp. Y 3.87+0.01
15304,7 ophitic, Gp. B 3.87+0.01
15356,9 poikilitic, Gp. C 3.84+0.01
15356,12 poikilitic, Gp. C 3.87+0.01
60315,6 poikilitic 3.88 £0.05
63503 particle 1c  very high-Al? 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 3.78 +0.04
Clast-poor 14073 subophitic 14310 group 3.80 +0.04
Impact Melts 14074 subophitic 14310 group 3.80 +0.04
14276 subophitic 14310 group 3.80 +0.04
14310 subophitic 3.88 £0.05 3.79 £0.04
14310 subophitic; plag 3.82+0.04
65795 subophitic; very feldspathic 3.81+0.04
60635 subophitic 68415 group 3.75+0.03
65055 subophitic 68415 group 3.89 £0.02
67559 subophitic 68415 group 3.76 £ 0.04
68415 subophitic 3.80 £ 0.06 3.76 £ 0.04
68416 subophitic 68415 group 3.71 £0.02
Granulitic 14063,207 3.90 £ 0.02
Breccias and 14179,11 clast 3.97 +£0.01
Granulites 15418,50 3.98 + 0.06
67215,8 3.75+0.11
67415 3.96 £ 0.04
67483,13,8 420 +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 3917

* including split number if given by authors

Decay constants from Steiger and Jiger (1977); for references see Papike et al. (1998); from Stoffler and Ryder (2001).
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Table 5.8. Best estimates of crystallization ages of mare
basalt flows at the Apollo and Luna landing sites.

Landing Site Basalt Group Absolute Age (Gyr)
Apollo 11 High-K basalts 3.58 +0.01
High-Ti basalts, groups B1,3 3.70 £ 0.02
High-Ti basalts, group B2 3.80 £ 0.02
High-Ti basalts, group D 3.85+0.01
Apollo 12 Olivine basalt 3.22+0.04
Pigeonite basalt 3.15+0.04
Ilmenite basalt 3.17+0.02
Feldspathic basalt 3.20+0.08
Apollo 15 Ol-normative basalt 3.30 £ 0.02
Qz-normative basalt 3.35+0.01
Picritic basalt 3.25+0.05
Ilmenite basalt (15388) 3.35+0.04
Green glass ~33-34
Yellow glass 3.62+0.07
Apollo 16 Feldspathic basalt 3.74 +0.05
Apollo 17 High-Ti basalt, group A 3.75 £ 0.01
High-Ti basalt, group B1,2 3.70 +£0.02
High-Ti basalt, group C 3.75 £ 0.07
High-Ti basalt, group D 3.85+£0.04
Orange glass ~3.5-3.6
Luna 16 Aluminous basalt 3.41+0.04
Luna 24 Very-low-Ti basalt (VLT) 3.22 +0.02
Lunar meteorite Asuka 881757 Basalt (gabbroic) 3.87 +0.06

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 5.10); from Stoffler and Ryder (2001).

6. GEOLOGY AND ABSOLUTE AGES OF LUNAR SURFACE UNITS

6.1. Pre-Nectarian Period

The pre-Nectarian Period as a time unit is the time span between the origin of the Moon
and the formation of the Nectaris basin, which is most plausibly ~3.92 Ga old (see next
section). Since the oldest plausible age of solid lunar surface material is 4.52 Ga (Lee et
al. 1997; Halliday 2000), a duration of the pre-Nectarian Period of ~600 Ma is suggested.
The pre-Nectarian system is recorded by (1) the impact formations of some 30 multiring
basins and their ejecta deposits identified photogeologically, and (2) returned samples of
rocks whose absolute ages are older than Nectaris (see Table 5.6). The suite of “plutonic”
pre-Nectarian rocks comprises ferroan anorthosites, alkali anorthosites, and rocks of the
magnesian 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. All these rock types document the existence of magmatic, thermal metamorphic, and
impact processes throughout the pre-Nectarian Period. None of the dated pre-Nectarian rock
clasts can be directly related to the geologic unit (formation) in which they formed or to any
specific pre-Nectarian surface unit because they were all displaced after their formation by
multiple impacts.



566 Stoffler et al.

The relative ages of most of the pre-Nectarian multiring basins are documented on the basis
of crater counts on their ejecta formations (Table 5.9). Wilhelms et al. (1987) distinguished nine
age groups in which the density of craters > 20 km per 10° km? increases from 79 (Nectaris) to
197 (Al-Khwarizimi/King). In the Wilhelms et al. (1987) scenario, no multiring basins older
than 4.2 Ga are unequivocally recorded, thus implying that the oldest basins, South Pole-Aitken
and Procellarum, and some 14 obliterated basins, formed between 4.2 Ga and 4.1 Ga. However,
these ages are speculative as long as the actual age of the oldest recognizable multiring basin
(i.e., South Pole-Aitken) is not determined by isotope dating of returned samples.

6.2. Nectarian Period

Twelve multiring basins of Nectarian age have been identified (Wilhelms et al. 1987,
Spudis 1993; Table 5.9). The superposed crater densities (craters > 20 km per 10° km?2) on the
ejecta formations of these basins range from 31 for Bailly to 79 for Nectaris. 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). Attempts to assign absolute ages to
these basins are based on samples from these landing sites (Table 5.10).

6.2.1. Age of the Nectaris impact basin. The age of the Nectaris basin is derived from
radiometric ages of Apollo 16 samples (Table 5.10). The landing site was on the Cayley
Formation, representing subdued smooth “light plains,” Lower Imbrian Series, sculpted by the
Imbrium event (Figs. 5.26, 5.28, and 5.30), and most likely part of its discontinuous ejecta. The
site is 60 km west of the Kant Plateau, which is part of the Nectaris basin rim deposits (Fig.
5.30). It is near to the hilly and furrowed Descartes Formation (Muehlberger et al. 1980), which
is 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 (Fig. 5.28).

The local stratigraphy of the Apollo 16 landing site defines two major superimposed
formations (Ulrich et al. 1981): the older Descartes Formation and the younger surficial Cayley
Formation exposed as reworked regolith at the whole landing site. The sampling took advantage
of two young, fresh craters, North Ray (1 km wide, 230 m deep) and South Ray (680 m, 135 m
deep), as well as Stone Mountain and the subdued plains, to obtain materials from both major
formations (Fig. 5.30). North Ray Crater is inferred to have excavated rocks that are part of
the continuous ejecta blanket of Nectaris (Stoffler et al. 1981, 1985; Wilhelms et al. 1987).
The samples collected are dominantly friable feldspathic fragmental breccias and impact melt
lithologies with variable 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 granulitic rocks and breccias are common,
mainly as clasts within breccias. The basin ejecta model of Haskin (Haskin et al. 2002) suggests
that the Nectaris, Serenitatis, and Imbrium events each would have contributed significant
ejecta deposits to the Apollo 16 site. They estimated that the last of the deposits, i.e., the one
produced by the Imbrium event, would have consisted on average of sub-equal proportions of
Imbrium and Serenitatis ejecta, less of Nectaris ejecta, plus pre-Nectarian substrate, with only
minor contributions from Humorum, Crisium, and later, Orientale. Additional complexities and
observations from terrestrial craters that bear upon this model are discussed in Section 7.

In the ejecta of North Ray Crater, highly feldspathic fragmental breccias are most abundant.
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 Nectaris basin (Maurer et. 1978; Jessberger 1983; Wacker et al.
1983; Stoffler et al. 1985). Their ages range from 3.84 Ga to 4.14 Ga. 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 Ga has been proposed for the Nectaris basin (Stoffler et al.
1985; Table 5.10). This age may also be supported by the age distribution of lithic clasts of the
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Table 5.9. Tabulation of lunar time-stratigraphic units with multi-ring basins (rock-
stratigraphic units) and correlated values for the frequency of superimposed craters; modified
from Wilhelms et al. (1987).

Time-stratigraphic

Rock-stratigraphic unit

Crater frequency

unit . Diameter Age Number of craters
Basin §
(km) group > 20 km per 10° km?
Pre-Nectarian System Procellarum 3,200 1 -—-
South Pole-Aitken 2,500 1 -—
Tsiolkovsky-Stark 700 2 -
Grissom-White 600 2 ---
Insularum 600 2 -
Marginis 580 2 -
Flamsteed-Billy 570 2 -
Balmer-Kapteyn 550 2 -
Werner-Airy 500 2 -
Pingré-Hausen 300 2 -
Al-Khwarizimi / King 590 2 197
Fecunditatis 990 3 -
Australe 880 3 (>212)
Tranquillitatis 800 3 -
Mutus-Vlacq 700 3 225
Nubium 690 3 ---
Lomonosov-Fleming 620 3 177
Ingenii 650 4 162
Poincare 340 4 (190)
Keeler-Heaviside 780 4 186
Coulomb-Sarton 530 5 (145)
Smythii 840 5 166
Lorentz 360 6 159
Amundsen-Ganswindt 355 7 (108)
Schiller-Zucchius 325 7 (112)
Planck 325 7 (110)
Birkhoff 330 7 127
Freundlich-Sharonov 600 8 129
Apollo 505 9 119
Grimaldi 430 9 97)
Nectarian System Nectaris 860 1 79
Mendel-Rydberg 630 (1) (73)
Moscoviense 445 1 87
Korolev 440 1 79
Mendeleev 330 2) 63
Humboldtianum 700 2 62
Humorum 820 2 56
Crisium 1,060 2 53
Serenitatis 740 2) (83)
Hertzsprung 570 2 58
Sikorsky-Rittenhouse 310 2) 27)
Bailly 300 2) 31
Lower Imbrian Series Imbrium 1160 --- 28
Schrodinger 320 - (20)
Orientale 930 - 22

() uncertain values; note that the definition of the diameter for impact basins is controversial (values proposed by
Wieczorek and Phillips (1999) are smaller than those given here).
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Table 5.10. Cumulative crater frequencies, crater degradation values D;, and absolute ages of lunar
surface units derived from isotope ages of lunar rocks; data are taken from literature from Stoffler
and Ryder (2001).
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Formation OE® =ZA < A < A <A < =
Ancient highlands 1150 10-36 | 564-677 3600 920 | 4.3-4.55 ? ?
(older crust) +200 +1100 4.35+0.10
Uplands 7-30 | 132-564 4.0-4.4 ? ?
Nectaris Basin ? 16 1200 310 14.10+0.10| 3.92+0.03 |3.92+0.03
+400 3.85+0.05
Al6/Descartes Fm 340+70 87  13.90+0.10| 3.92+0.03 | 3.92+0.03
3.85+0.05
Crisium Basin ? ? 570% 145% 3.89+0.02 | 3.84+0.04
Serenitatis Basin ? ? ? ? 3.98+0.05| 3.89+0.01 | 3.87+0.03
A16/Cayley Fm. 550+50 4.0 34.7 3.85+0.02 | 3.77+0.02
Imbrium Apennines 350+30 3.0 2504380 ? 89  [3.91+0.10| 3.85+0.02
A14/Fra Mauro Fm. 350+30 | 2.8-3.0 | 47.7 | 250-480 | 370+70 94*  3.91+0.10| 3.85+0.02 |3.77+0.02
Imbrium Basin 3.91+0.10| 3.85+0.02 | 3.77+0.02
Orientale ejecta blanket | 500100 | 2.50 ND 220 220+? ND ND
Orientale Basin 3.72-3.857 |3.72-3.77?
Oldest Mare (Nubium) 315 2.5 ND ND ND ND ND
Mare Nectaris ND ND ND ND ND ND 3.74
M. Trang., old (A11) 390 ND? 26.2? 200 90+18 23 3.72+0.10 3.80+0.02
M. Serenitatis (A17) 330-390 1.20 90 100+30 26* 3.75+0.01
M. Tranq., young (A11) |280-390 1.39 157 34 6420 16  3.53+0.05 3.58+0.01
M. Fecunditatis (L16) 240-300, 0.93 15.3 33+10 8.4  3.40+0.05 3.41+0.04
M. Imbrium (A15) 255-285| 0.43 8.01 26 32+11 8.2 3.28+0.10 3.30+0.02
M. Crisium (L24) 0.43 8.17 26 3010 7.6 3.30+0.10 3.22+0.02
O. Procellarum (A12) 210215 0.72 13.6 24 36+11 9.2 3.18+0.10 3.15+0.04
Autolycus 160-200| ND ND ND ND ND 2.1%?
Copernicus 88-112 | 0.30 0.06 13+3 33 0.85+0.20 0.8+0.015
Tycho, A17 ND? 0.10 0.019 ND 0.9 0.23 0.109 0.109+0.004
+0.18 +0.004
Tycho 10-20 0.109+0.004
North Ray Crater 4-5 ND ND ND 0.44 0.11 0.05 0.053+0.008
+0.11 +0.0014
Cone Crater ND ND ND ND 0.21 0.05 0.026 0.025+0.012
+0.05 +0.0008
South Ray Crater 0.002+0.0002
Terrestrial craters 0.375
(Phanerozoic) 3.6x1.1 9.2 +0.075 0.375+0.075

(1) = Wilhelms et al. (1987); (2) Hartmann et al. (1981); (3) Neukum and Ivanov (1994); (4) Stoffler and Ryder (2001),
Ryder and Spudis (1987), Wilhelms et al. (1987); (5) Stoffler and Ryder (2001), Deutsch and Stoffler (1987), Stadermann et
al. (1991); (6) previous proposals, 3.85: Stoffler et al. (1985), 3.87: Jessberger et al. (1977); # from Neukum (1983); ave. =
average; ND = not determined; A = Apollo; Fm. = Formation; L = Luna; M. = Mare; O. = Oceanus; Tranq. = Tranquillitatis;
a: average mare = 1.88 x 10~ craters >4 km/km?. For mare and small, young craters (lower half of table), age assignments
by (4,5,6) are the same (rightmost column).
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Fra Mauro Formation excavated by Cone Crater at the Apollo 14 site (Stadermann et al. 1991).
Other proposed ages (Table 5.10) are 3.92 + 0.03 Ga (Deutsch and Stoffler 1987; Wilhelms et
al. 1987) and 3.95 Ga (James 1981). The data used for deriving these ages do not support older
ages for Nectaris such as the 4.1 Ga age proposed by Neukum (1983) as referenced in Neukum
and Ivanov (1994). In part, the arguments for ages older than 3.85 Ga reflect the 3.85 Ga age of
Imbrium, which is younger than Nectaris. Wilhelms et al. (1987) suggests 3.92 Ga 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 Ga (with 30 multiring basins formed between
4.2 and 3.92 Ga and 12 basins formed between 3.92 and 3.85 Ga, his inferred age of Imbrium).
However, an assumed constant cratering rate is not a valid age constraint and ages younger than
3.85 for Imbrium have also been proposed (see Section 6.3.1).

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 et al. 1987; Spudis 1993), collected from ejecta deposits of Crisium. Luna 20
landed on the southern rim deposits of the Nectarian Crisium basin (Fig. 5.30), about 35 km
north of the mare plains of Fecunditatis (Vinogradov 1973). A core of ~50 g of fine-grained
light gray regolith was collected by drilling analogous to Luna 16. Most of the rock fragments
are feldspathic granulites, although the bulk soil is somewhat less aluminous than Apollo 16
soil or the highlands meteorites.

Most of the dated fragments are feldspathic, KREEP-poor impact-melt rocks not unlike
some of the characteristic melt rocks at the Apollo 16 landing site, although one dated sample
(22007,1; 3.87 Ga; Podosek et al. 1973) is similar to the more KREEP-rich, Apollo 17
crystalline melt rocks, which are interpreted as Serenitatis impact melt. One sample of the
KREEP-poor impact melt lithology (22023,3,F) was dated at 3.895 + 0.017 Ga (Swindle et
al. 1991) which is proposed as a consistent age for the Crisium basin. Wilhelms et al. (1987)
suggested an age of 3.84 + 0.04 Ga for Crisium (Table 5.10). 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 Ga (see Table 5.10) and nearly
as young as the next younger dated basin (Serenitatis).

The relative ages of the Crisium and Serenitatis basins are not definitely clear. The crater
density value for superimposed craters > 20 km per 10° km? is higher for Serenitatis (83?)
than for Crisium (53) although it is based on very poor statistics (Table 5.9; Fig. 5.26), and
Serenitatis has been extremely modified by Imbrium. Wilhelms et al. (1987) argues on the
basis of superposition and morphology characteristics that Serenitatis is younger than Crisium.
This would set an age of 3.87 £ 0.012 Ga, 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
appeared to be suitable for dating the Serenitatis event (Fig. 5.30). Apollo 17 samples were
collected from massifs of the Taurus-Littrow region, which are part of the eastern main rim of
Serenitatis. The massifs, rising to 2 km above the floor, are dominantly of Serenitatis origin
(and therefore Nectarian), and consist of autochthonous and/or allochthonous pre-Serenitatis
material. This region is relatively undisturbed and only slightly modified by deposits of
younger basins (Wilhelms et al. 1987; Spudis 1993). In contrast, the Imbrium basin-forming
event destroyed and buried the western rim formations of Serenitatis.

Most of the sampled boulders, which are most likely derived from the massifs, and large
rocks are impact-melt breccias. The most common type of melt breccia is 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
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Figure 5.30. (a) Apollo 11 landing area, Mare Tranquillitatis, (b) Map and sampling traverses at the Apollo
11 landing site, (c) Apollo 12 landing area, Oceanus Procellarum, (d) Map and sampling traverses at the
Apollo 12 landing site, (¢) Apollo 14 landing area, Fra Mauro Formation, (f) Map and sampling traverses at
the Apollo 14 landing site, (g) Apollo 15 landing area, Palus Putredinis, Mare Imbrium, and Hadley Delta,

caption and figure continued on facing page
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Figure 5.30 (continued from facing page). (h) Map and sampling traverses at the Apollo 15 landing site, (i)
Apollo 16 landing area, Descartes region, (j) Map and sampling traverses at the Apollo 16 landing 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.

breccias. Abundant small fragments of feldspathic granulite suggest that much of the massif
material is composed of this lithology (see also Jolliff et al. 1996). The most widespread
lithology is represented by poikilitic, fragment-laden impact melt of uniform composition.
This is generally inferred to be Serenitatis melt (e.g, Spudis and Ryder 1981). It provides
a tightly constrained age of 3.893 + 0.009 Ga (Dalrymple and Ryder 1996 and references
therein; Table 5.10). One boulder and a few smaller fragments from the South Massif are
aphanitic fragment-laden impact melts. These have a chemical composition distinct from the
poikilitic melts, and they are more varied in both chemistry and fragment population. Inferred
ages range between 3.86 and 3.93 Ga, but are on average, younger than those of the poikilitic
rocks. These rocks might be a variant of Serenitatis melt, or even from the Imbrium event,
although this would be in conflict with the 3.77 £ 0.02 Ga age of Imbrium for which arguments
are presented below. Previously proposed ages of 3.86 + 0.04 or 3.87 £ 0.03 Ga for Serenitatis
are based on these younger ages (Jessberger et al. 1977; Wilhelms et al. 1987; Deutsch and
Stoffler 1987; Table 5.10). Although the 3.89 Ga age of Serenitatis is well constrained, it
remains open whether Serenitatis is indeed 3.89 £ 0.1 or 3.87 Ga because of the uncertainties
in assigning unequivocally either one of the two types of impact melt to the Serenitatis event.

6.3. Early Imbrian Epoch

6.3.1. Age of the Imbrium impact basin. Imbrium basin deposits have been sampled at
three Apollo landing sites (Apollo 14, 15, and 16) where different facies of Imbrium ejecta
were deposited as indicated by photogeological interpretations (Wilhelms et al. 1987; Spudis
1993) and by cratering models (Oberbeck 1975; Schultz and Merrill 1981; Melosh 1989).
Apollo 15 sampled ejecta deposits (most likely including impact melt) at the main rim of the
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Imbrium basin, Apollo 14 sampled polymict breccias and impact-melt rocks of the continuous
ejecta blanket (Fra Mauro Formation), and Apollo 16 sampled a zone of distal discontinuous
ejecta (polymict breccias and impact-melt rocks of the Cayley Formation).

Two major proposals for the age of Imbrium have been published in recent years after
an age of 3.85-3.90 Ga had been generally accepted before 1980. The ages proposed more
recently (Table 5.10) are 3.85 £ 0.02 Ga (Wilhelms et al. 1987; Ryder 1990a, 1994; Spudis
1993; Hartmann et al. 2000) and 3.77 + 0.02 Ga (Deutsch and Stoffler 1987; Stadermann et al.
1991). The originally accepted age was based mainly on the measured ages of lithologies that
were in some way supposedly reset by the Imbrium event and that displayed a peak of their
frequency distribution within the 3.85-3.90 Ga age range (e.g., Taylor 1975). This approach
is incorrect in light of the foregoing discussion, yet continues to exist. Wilhelms et al. (1987)
stated: “The time of the Imbrium impact seems to be well constrained at from 3.82 to 3.87
Ga; the average and well represented age of 3.85 + 0.03 Ga is tentatively adopted here.” This
incorrect view persists; for example, Hiesinger et al. (2003) referred to an age of the Imbrium
basin as old as 3.91 £ 0.1 Ga. The more recent proposals discussed herein are not based on
“histogram” approaches, but on age constraints that apply to relevant geological units.

Arguments for a 3.85 £ 0.02 Ga age. The continuous Imbrium ejecta (Fra Mauro
Formation) was directly sampled at the Apollo 14 site. Sampling was from both Cone Crater
ejecta and the smooth terrain (Fig. 5.30), both representing the Fra Mauro Formation. At the
rim of Cone Crater, feldspathic fragmental breccias were sampled. Melt fragments within these
breccias, have a range of ages from about 3.95 to 3.85 Ga (a few older fragments are not impact
melts) (Stadermann et al. 1991 and others). Samples collected outside of the Cone Crater ejecta
blanket include melt samples with younger ages, down to nearly 3.7 Ga (especially belonging to
a single chemical group exemplified by 14310). However, these are not necessarily from the Fra
Mauro Formation (a view which is questioned by Deutsch and Stoffler 1987). The Cone Crater
samples suggest an age for the Imbrium ejecta blanket of 3.85 = 0.02 Ga.

Melt samples at the Apennine Front (Apollo 15, Fig. 5.30) must be dominantly pre-Imbrian
or contemporaneous with it, as no major impact events later affected the site. 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 datable samples gave ages around 3.86-3.88 Ga,
the other one gave an age of 3.84 £ 0.02 Ga. These data suggest an age for the ejecta blanket of
3.85 £ 0.02 Ga. 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 greater than about 3.86 Ga. 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 (Hackmann 1966) has the physical features of a volcanic
unit. Gamma-ray orbital data (Apollo 15 and Lunar Prospector missions) show that the unit
has thorium abundances identical with those of the volcanic KREEP basalts found as small
fragments and a common regolith constituent at the Apollo 15 landing site (Hawke and Head
1978; Spudis 1978; Ryder 1987). These volcanic rocks have a well-defined age of 3.85 £0.02
Ga, 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 Ga (Table 5.10).

Arguments for a 3.77 + 0.02 Ga age. This age has been derived from detailed Consortium
studies of the Apollo 14 and 16 highland breccia samples (e.g., Stoffler et al. 1981, 1985,
1989; Stadermann et al. 1991 and references therein). The main arguments for the 3.77 Ga
age are given in Deutsch and Stoffler (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 Imbrium related Fra Mauro and Cayley Formations, respectively, must provide the age of
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the parent basin. At both sites, there are “young crystalline impact melt rocks” ranging in age
from 3.71 £ 0.03 Ga to 3.81 £ 0.01 Ga (Deutsch and Stoffler 1987). The 3.77 £ 0.02 Ga age is
mainly based on the group of anorthositic-noritic melt rocks (3 Apollo 16 melt rocks clustering
at 3.75 £ 0.01 Ga) and on the group of youngest Apollo 14 melt rocks, which are chemically
distinct from them. The age of 3.77 + 0.02 Ga is covered by the age uncertainties of the two
groups of subophitic melt rocks (Deutsch and Stoffler 1987).

The Apollo 14 and 16 samples younger than 3.82 Ga 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. According to arguments given in Deutsch and
Stoffler (1987), these rocks are considered to originate from large pre-Imbrian impact crater
formations (melt sheets and polymict breccia deposits); they cannot be derived from erratic
clasts ejected from local or distant post-Imbrium craters.

Deutsch and St6ffler (1987) questioned both the argument that the Apennine Bench Forma-
tion is younger than Imbrium and that it is composed of the same type of KREEP basalts that
occur as clasts at the Apollo 15 landing site dated at 3.85 = 0.05 Ga (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 (Fig. 7.13 in Spudis 1993) because these assumed relationships are not exposed
at the Apollo 15 site. Deutsch and Stoffler (1987) argue therefore, that the Apennine Bench For-
mation is pre-Imbrian in age and formed on top of an older terra unit that assumed its present
position between the inner ring and the main rim of the Imbrium multiring basin as a parautoch-
thonous megablock of the pre-impact target not completely flooded by mare basalt flows.

6.3.2. Age of the Orientale impact basin. Orientale is the youngest of the multiring basins
on the Moon (Wilhelms et al. 1987; Spudis 1993), but its absolute age cannot be determined
directly from measured ages because samples related to Orientale have not been identified
with any certainty at any of the landing sites. This is not surprising because only ray material
could be present at the landing sites and would be difficult to identify in the sample collections.
Wilhelms et al. (1987) contended that Orientale must have been formed between 3.85 and 3.72
Ga, assuming that 3.85 Ga is the age of Imbrium and 3.72 Ga is a lower limit set by the 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 Ga for Orientale. However, it could be almost
as old as Imbrium, i.e., 3.84 Ga. Based on the proposed age of 3.77 £ 0.02 Ga for Imbrium (see
above) and on the relative crater densities, Orientale should be equal to or younger than 3.75
Ga and could be as young as 3.72 Ga (Table 5.10).

6.4. Late Imbrian Epoch

6.4.1. Age of Apollo 17 basalt surfaces (3.70 - 3.75 Ga). 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 (Fig. 5.29). 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 (Fig. 5.30).
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. The samples collected on the valley floor near numerous fresh
clustered craters are dominantly mare basalts and some regolith breccias, and dark mantle
material was sampled as orange glass deposits.

The Apollo 17 mare basalt samples collected over a wide area of several kilometers are
high-Ti basalt. They fall into distinct chemical groups (Table 5.8) that represent at least four
distinct extrusions (Warner et al. 1979; Neal et al. 1990; Ryder 1990b). Most of the samples
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are group A (3.75 Ga) or the more complex group B (3.70 Ga). Group C (~3.75 Ga) samples
have been identified only among the few Shorty Crater samples, and group D (~3.85 Ga ?) only
by one sample from the Van Serg regolith core. Samples from boulders at the rim of the 650 m
diameter Camelot Crater (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 Crater (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 un-
derlie group B basalts, consistent with their radiometrically determined ages (Table 5.8). 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 Ga). 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 Ga).

Geologic relationships at the Apollo 17 site make relating a radiometric age to a crater
density or crater degradation parameter an uncertain task. These include the presence of dark
mantle deposits, which appear to be correlated with the sampled orange volcanic glass, with a
preferred age of ~3.5 Ga (Tera and Wasserburg 1976); the apparently 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 Ma. 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 Ga, 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 Ga probably best represents the
crater densities measured in basalts just inside the southeast rim of Serenitatis (Table 5.10).

6.4.2. Age of Apollo 11 basalt surfaces (3.58 Ga and 3.80 Ga). The landing site, 40
km north-northeast of the nearest highlands region at the Kant Plateau (Fig. 5.30), is on
intermediate-age-group basalts of the Upper Imbrian Series, the southern of two belts separated
by the youngest-age group (Fig. 5.29). Three patchy units of mare basalt of different age are
in the area within at least several tens of kilometers of the landing site (Grolier 1970a,b). For
details of the landing site geology, see Heiken et al. (1991) and Stoffler and Ryder (2001).

The mare basalt samples collected from approximately 400 m west of a sharp-rimmed,
rayed crater approximately 180 m in diameter and 30 m deep (West Crater) (Fig. 5.30) are all
high-Ti varieties. Beaty and Albee (1978) suggested that most of the samples collected were
ejected from West Crater. The samples have a range of compositions and ages that represent at
least four separately extruded basalt types (Table 5.8). Group A (3.58 Ga), the high-K basalt,
is most abundant. Group B1-B3 (3.70 Ga), a complex group, comprises most of the rest of
the samples, while the two oldest groups B2 (3.80 Ga) and D (3.85 Ga) 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 West Crater, which is only 30 m deep, but possibly from
much further away).

Galileo and Clementine spectral reflectance data (Staid et al. 1996) indicate that the landing
site lies in, but close to the edge of, a western unit that is both the youngest and the highest in Ti
in Tranquillitatis, which they correlate with the group A basalts. A much more extensive nearby
unit identified spectrally is older and extends a coherent surface as far north as the Apollo 17
landing site, consistent with this unit being the group B1-3 basalts, which are similar in both age
and composition to Apollo 17 basalts. Even older basalts identified spectrally as a little lower
in Ti may correspond with group B2 or D (or both). Of the crater density units referred to by
Wilhelms et al. (1987) and Neukum and co-workers (e.g., Neukum and Ivanov 1994), we infer
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that the young one is the 3.58 Ga group A basalts, and the older one is group B2 or D, which is
about 3.80 Ga. For a more detailed discussion see Stoffler and Ryder (2001).

6.4.3. Age of Luna 16 basalt surface (3.41 Ga). Luna 16 landed on mare lavas that flood
the 690 km diameter Fecunditatis basin of pre-Nectarian age, about 400 km south of highlands
formed by the ejecta blanket of Crisium basin (Fig. 5.30). The mare floods are thin; probably
slightly thicker than a kilometer in the center and about 300 m at the landing site (De Hon and
Waskom 1976). The basalt plains are in the middle to upper part of the Upper Imbrian System
(Fig. 5.29). The sampling site is on a dark unit whose spectral class indicates a higher Ti
content than most of Mare Fecunditatis. Presumably this is the unit to which the crater density
listed in the Table of Neukum and Ivanov (1994) corresponds.

The samples consist of 101 g of dark gray regolith, obtained by drilling to a depth of 35 cm
(Vinogradov 1971). Most of the few particles >3 mm are of feldspathic 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). 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 Ti contents (4-5% TiO,) (Grieve et
al. 1972; Keil et al. 1972; Kurat et al. 1976; Ma et al. 1979); they probably represent a single
flow or related flows. The basalt fragments are all fine-grained, suggesting either a thin flow
or a series of similar, overlapping thin flows. A Rb-Sr isochron and a “°Ar-**Ar age on a single
fragment are consistent with an age of 3.41 Ga for this basalt group (Table 5.8; Huneke et al.
1972; Papanastassiou and Wasserburg 1972). Two separate fragments (3.45 + 0.06 Ga and 3.30
+ 0.15 Ga) are consistent with this age (Cadogan and Turner 1977). The regolith composition
(Reid et al. 1972) indicates that the age of this group of basalts is representative of the mare
surface at the Luna 16 landing site.

6.4.4. Age of Apollo 15 basalt surface (3.30 Ga). The site is located on a mare plain of the
youngest group of the Upper Imbrian Series (Fig. 5.26), about 2 km from Hadley Rille, whose
walls expose a layered mare basalt sequence (Fig. 5.30). The maria flood an embayment in the
Apennine front, a scarp that is the main rim crest of the Imbrium basin. Extensive lava plains
occur to the west of the landing site. Sampling was in the mare plains near the Hadley rille
edge and in an area called South Cluster (Fig. 5.30). Samples from the plains are mainly mare
basalts and regolith breccias.

The mare basalt samples collected from the mare plains on the Apollo 15 missions are
dominated by two low-Ti varieties, the olivine-normative mare basalts (3.30 Ga) and the
quartz-normative mare basalts (Ryder and Schuraytz 2001), which are 3.35 Ga old (Table 5.8).
The other rare mare 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 Ga, Spangler et al. 1984)
occur only locally or dispersed in the regolith. Stratigraphically the olivine-normative mare
basalts appear to be the highest and are dominant among small rock samples (compilation in
Ryder 1985). This is consistent with their younger radiometric ages.

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 Ga with confidence (Table 5.10).

6.4.5. Age of Luna 24 basalt surface (3.22 Ga). Luna 24 landed on the Upper Imbrian
mare plains that flood the Crisium basin (Fig. 5.30), about 40 km north of the basin rim (Butler
and Morrison 1977; Florensky et al. 1977). Mare Crisium is fairly uniform but three successive
main units have been mapped by Head et al. (1978a). Luna 24 landed on the upper part of the
middle age group that is common in the northern part of the basin but also forms exposed
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patches in the south. Various lines of evidence suggest that the basalts at the site are about 1-2
km thick. The Luna 24 core (12 mm diameter) was 160 cm long and ~200 cm deep (Barsukov
1977; Florensky et al. 1977). Some larger particles, up to 10 mm in size, are basaltic rocks
ranging from very-low-Ti basalt to olivine basalt. Other fragments include glasses, breccias,
and agglutinates. Most of the basaltic fragments and at least a large proportion of the coarser
mineral fragments from all levels of the Luna 24 regolith core represent a distinct very-low-Ti
aluminous mare basalt type (Ryder and Marvin 1978; Taylor et al. 1978; Graham and Hutchison
1980). Metabasalts, impact melts, and glasses have the same composition, indicating that it is a
dominant component of the regolith, although other lithic types are present.

The available ages, which appear to all be on low-Ti mare basalts and metabasalts, show a
rather narrow range around 3.22 Ga (Burgess and Turner 1998). That the metabasalts have the
same ages suggest that they are metamorphosed flow margins and that the basalts consist of a
sequence of overlapping flows of similar composition. It is possible that a slightly younger age
of 2.93 Ga 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 Ga (Table 5.8).

The bulk regolith is very similar in chemical composition for both major and minor ele-
ments to that of the very-low-Ti basalts, indicating that these basalts are the surface unit at the
landing site. This is inconsistent with the remote-sensing data that show that surfaces with such
low Ti do not exist within tens of kilometers of the nominal landing site (Blewett et al. 1997).
This implies that Luna 24 did not land where it was reported to have landed, or that the basalts
collected are representative of only a very small area surrounded by basalts with higher Ti that
were not collected and thus not dated. However, according to Wilhelms et al. (1987), Mare Cri-
sium is stratigraphically among the most uniform, and therefore we consider the 3.22 Ga age to
be correlated with the typical crater density of the southern Mare Crisium (Table 5.10).

6.5. Eratosthenian Period

6.5.1. Age of Apollo 12 basalt surface (3.15 Ga). The Apollo 12 site is in a region of mare
basalts of a younger age (Eratosthenian) and spectral type different from those at the Apollo 11
site (Fig. 5.30). Highland islands within about 15 km suggest that the basalts are quite thin, and
the area is topographically complex. Nearly all of the sampled terrain is dominated by ejecta of
several craters larger than 100 m (Fig. 5.30). The site is close to the rim of the 300 m diameter
Surveyor Crater. The rock samples are mainly mare basalts, with some regolith breccias.

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 single 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 Ga), with the olivine basalts and the feldspathic basalt being perhaps
slightly older (3.22 Ga; Table 5.8). This is consistent with stratigraphic relationships, where the
ilmenite basalts are the only type found around the smaller craters, and the pigeonite and olivine
basalts required excavation from larger craters (Surveyor, 200 m diameter and Middle Crescent,
400 m diameter). This would indicate that the ilmenite basalt is about 40 m thick (Rhodes et al.
1977). Details of the sample provenance and the relationships with the remotely-sensed data
are discussed in Stoffler and Ryder (2001). They note some inconsistency in the use of crater
density in plots of this site, even by the same author group. The crater densities are reported to
be lower than those of the Apollo 15 site in some papers and higher in others (Neukum et al.
1975a; Neukum and Wise 1976; Neukum 1977; Wilhelms et al. 1987). The crater density data
for Apollo 12 (e.g., Neukum et al. 1975a) show an unusual kink at the critical point around 1-2
km sizes, deviating 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 Ga (Table 5.10).
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6.6. Copernican Period

6.6.1. Age of Autolycus and Aristillus (2.1 Ga). Early geologic analysis of the Apollo 15
landing site showed that a ray from either of the rayed craters Aristillus or the older but nearer
Autolycus crossed the landing site and deposited exotic material. KREEP basalt fragments
with an original crystallization age of ~3.84 Ga collected at the landing site were shocked and
thermally heated, and in one case shock-melted, at 2.1 Ga (Ryder et al. 1991). Autolycus lies in
the Apennine Bench Formation, correlated with Apollo 15 KREEP basalts (Spudis 1978) and is
expected to contribute more material to the landing site than Aristillus, which would contribute
mainly mare basalt fragments. Thus it is a reasonable inference that Autolycus formed at 2.1 Ga
(Table 5.10). If so, and assuming that Autolycus is indeed a Copernican crater, then that Period
commenced earlier than commonly assumed from the inference that Copernicus itself is less
than 1 Ga (see next section). Unfortunately, and in part because Autolycus has been degraded
by the later Aristillus ejecta, crater density measurements have not been made, although D,
measurements (180 + 20) suggest that it is very close to the Copernican-Eratosthenian boundary
(Wilhelms et al. 1987). Autolycus is definitely one of the most degraded Copernican craters.

Although an age of ~1.3 Ga has been suggested for the stratigraphically younger Aristillus
crater on the basis of the age of a 1-m block of KREEP impact melt on the Apennine Front
(sample 15405; Bernatowicz et al. 1978), this correlation is unreliable (Table 5.10). Aristillus is
unlikely to have both created and ejected the melt in question to such a distance, and a delivery
from Aristillus floor material by a later impact seems unlikely. It is more likely that sample
15405 is of a more local origin.

6.6.2. Age of Copernicus (0.8 Ga). The Apollo 12 mare landing site is heavily contaminated
with KREEP materials, although the nearest non-mare outcrops are about 25 km away. Rays
from Copernicus cross the landing site, and Meyer et al. (1971) suggested that KREEP glass
in the samples was produced and ejected by the Copernicus event and thus could be used to
date it. Subsequent “°Ar-*Ar dating of such materials suggested appreciable degassing at about
800 Ma (Eberhardt et al. 1973; Alexander et al. 1976). U,Th-Pb data also yielded an age of
850 £+ 100 Ma 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 Ma. These
ages are all from samples 12032 and 12033, the most immature and most KREEP rich regoliths,
which were probably both collected at Head Crater (Korotev et al. 2000).

The 800 £ 15 Ma age is most commonly accepted as that of Copernicus (Table 5.10). If the
dated samples are from Copernicus’ rays, then the age of Copernicus is well established. How-
ever, this interpretation could be wrong. Not all of the KREEP at the site can be from Coper-
nicus, even in a concentrate in a ray, and most of it may have arrived by other means (Korotev
et al. 2000, Jolliff et al. 2000a). The dated samples are all from a restricted site (Head Crater)
and the KREEP glass is apparently not found elsewhere, whereas a ray as seen from orbit might
be expected to more widely distribute materials. In addition, Copernicus itself does not seem
to have excavated dominantly KREEP materials, although KREEP might have been an early
jet phase excavating shallow material. With these caveats, then either the age of Copernicus is
well-defined at 800 + 15 Ma (Table 5.10), or it is known only to be younger than about 2 Ga.

6.6.3 Age of Tycho (0.1 Ga). The dating of the crater Tycho (98 km diameter) rests on the
inference that a landslide on the slope of the South Massif (Apollo 17) was triggered by ejecta
of Tycho, which is about 2200 km away. The exposure age near 0.1 Ga of landslide material
then represents the age of Tycho (Wolfe et al. 1975; Arvidson et al 1976; Drozd et al. 1977;
Lucchitta 1977). The “Central Cluster” craters at the Apollo 17 site also show an exposure
age of about 0.1 Ga, and were interpreted as secondary craters of Tycho (Wolfe et al. 1975;
Lucchitta 1977). Thus, Drozd et al. (1977) proposed an age for Tycho of 109 + 4 Ma (Table
5.10). However, the geological evidence for the South Massif landslide and the Central Cluster
craters being formed by distal ejecta from Tycho are somewhat equivocal.
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6.6.4. Ages of Cone, North Ray, and South Ray Craters (25, 50, and 2 Ma). 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) samples collected from their ejecta
deposits provide the basis for the age determination of the Nectaris and the Imbrium basins
(see Sections 6.2 and 6.3) and (2) crater frequency data measured on their ejecta blankets are
available (Moore et al. 1980; Table 5.10). According to the exposure age data (Drozd et al.
1974, 1977; Stadermann et al. 1991; 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 Ma, 50.3
+ 0.8 Ma and 2.0 £ 0.2 Ma, respectively (Table 5.10).

6.7. Derivation of a revised, time-calibrated lunar stratigraphy

As discussed in the foregoing section, revised absolute ages can be assigned to the rock-
stratigraphic or time-stratigraphic units (Fig. 5.25) as they have been established since the early
work of Shoemaker and Hackmann (1962) and later documented in most detail by Wilhelms
et al. (1987). The scheme of Wilhelms et al. (1987) and earlier versions of it (Wilhelms 1980,
1984) have been adopted by virtually all textbooks and review articles related to the Moon
(e.g., Taylor 1982; Hartmann et al. 1984; Heiken et al. 1991; Spudis 1993). This scheme has
to be revised in terms of absolute ages only slightly as shown in Fig. 5.31. Most critical are the
absolute ages of the following stratigraphic boundaries: Pre-Nectarian-Nectarian, Nectarian-
Imbrian, and Eratosthenian-Copernican. Although we have adopted a 3.92 Ga age for the first,
a 3.85 Ga age cannot be ruled with absolute certainty. Two optional ages for the Nectarian-
Imbrian boundary have to be kept at this point (3.85 and 3.77 Ga; Stoffler and Ryder 2001).
The Eratosthenian-Copernican boundary is most variable in the literature ranging from nearly
2 Ga (Stoffler and Ryder 2001) to 1.5 Ga (Neukum and Ivanov 1994), to 1.2 Ga (Wilhelms
et al. 1987), and to less than 1.0 Ga (Stoffler and Ryder 2001). We propose for future
consideration to use the age of Copernicus itself as the boundary age: 800 Ma (Fig. 5.31). This
would of course imply that the presence of rays at impact craters is no longer a criterion for a
Copernican age. Instead, the crater density measured on the ejecta blanket of Copernicus and
calibrated by its age (800 Ma) would be the main criterion. As discussed in Section 6, there
are a number of problems with rayed craters and their lifetime as exemplified by Autolycus,
whose possible age would shift the Copernican Period very far back in time. Using Copernicus
as the boundary event would make the definition of the main stratigraphic boundaries on the
Moon more consistent since all boundaries would then be defined by major impact events (Fig.
5.31). Moreover, the age sequence 3.92, 3.89, 3.87, 3.85 or 3.77, and 3.75 Ga for Nectaris,
Crisium, Serenitatis, Imbrium, and Orientale, respectively, would be most compatible with the
differences of the crater densities for these impact basins (Wilhelms et al. 1987).

7. THE LUNAR CRATERING HISTORY
7.1. The lunar cratering rate as a function of time: The data base

The most recent determinations of the absolute ages of datable lunar surface formations
have been presented by Stoffler and Ryder (2001) and related to the available measurements of
the cumulative frequency of superimposed impact craters. The following section is essentially
based on this recent review. The age data, the crater frequencies, and the widely used
parameter of crater degradation (D;) are summarized in Table 5.10. They are used to derive
revised calibration curves for the crater retention ages of lunar surfaces of varied age ranging
from about 4 Ga to the present (Figs. 5.32 and 5.33). The same data have also been used for
the revised calibration curve of Neukum et al. (2001). As recognized very early in the Apollo
lunar science program (e.g., Hartmann 1970; Soderblom and Lebofsky 1972), such calibration
curves are of fundamental importance for (1) determining the cratering rate in the Earth-Moon
system as a function of time, (2) establishing an absolute lunar stratigraphy, and (3) providing
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Figure 5.32. Cumulative crater frequencies for craters > 1 km per km? as a function of the age of dated
lunar surfaces; data are from Table 5.10 in a log-log-plot; for some impact basins alternative ages are given
according to sets a) and b) of Table 5.10 (from Stoffler and Ryder 2001).
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Figure 5.33. Graphical representation of Equation (5.13) (lunar cratering chronology) with data points
from Table 5.10 (see also Table VI of Stoffler and Ryder 2001); N-values for Serenitatis and Apennines are
from G. Neukum (pers. comm. of unpub. data) and are not contained in Table 5.10; a) logarithmic scale for
N, b) part of the lunar N/T function with linear scale for N. Data for terrestrial craters are shown assuming
a constant cratering rate (see Fig. 5.23) with error bars of factor of 212,
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a standard reference curve for stratigraphic time applicable for other planetary bodies of the
inner solar system (cf. Section 3).

Calibration curves for the lunar cratering rate and the absolute crater retention ages have
been presented previously by a number of authors (Hartmann 1972; Soderblom and Lebofsky
1972; Neukum et al. 1975b, Neukum and Konig 1976; Hartmann et al. 1981; Neukum and
Ivanov 1994) which used another set of ages derived for specific surface areas from isotope
ages of lunar samples. These curves were reproduced in a large number of reference books and
textbooks such as Taylor (1982), Wilhelms et al. (1987), and Heiken et al. (1991), and have
been widely and sometimes, as will be shown below, uncritically accepted by the planetary
science community.

During the evaluation of the presently available database (Sections 4-6), it became evident
that several problems exist 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:

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

The use of outdated or even incorrect absolute ages (including incorrect uncertainties)
of surface units based on wrong interpretations of ages of lunar rocks

4. Incorrect ages of multiring basins including incorrect uncertainties

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

For some of these issues or open questions we present solutions or suggestions; some
others remain open or at least disputable.

We propose new best estimates for ages of mare surfaces at the Apollo and Luna landing
sites and new errors for these ages, which are lower than the 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 Ga (Apollo 17), 3.80 £ 0.02 Ga (Apollo 11 older surface unit), 3.58
1+ 0.01 Ga (Apollo 11 younger surface unit), 3.41 = 0.04 Ga (Luna 16), 3.30 + 0.02 Ga (Apollo
15),3.22 £0.02 Ga (Luna 24), and 3.15 £ 0.04 Ga (Apollo 12). These data and the corresponding
values used previously are given in Tables 5.8 and 5.10 and used for the Figures 5.32 and 5.33.

For the ages of multiring basins of the Nectarian and Imbrian Systems we are proposing
two differing sets of data for which arguments are discussed in Section 6. They may be used in
parallel for the calibration curve until better data become available (Table 5.10, Figs. 5.32 and
5.33). The differences in ages for Imbrium (3.85 Ga vs. 3.77 Ga) and the various ages proposed
for Nectaris ranging from 3.92 Ga to 3.85 Ga as well as the somewhat differing ages for Crisium
and Serenitatis do not have much influence on the shape of the calibration curves (Figs. 5.32
and 5.33). However, there is an effect on the curves due to the deletion of old, outdated ages and
of unjustified errors (Hartmann et al. 1981; Neukum and Ivanov 1994) for the Nectaris basins
(4.1 £ 0.1 Ga), the Descartes Formation (3.90 = 0.1 Ga), the Imbrium basin, and the Fra Mauro
Formation (3.91 £ 0.1 Ga). An additional important effect comes from discarding very old ages
for the pre-Nectarian highlands such as the specific age of 4.35 £ 0.1 Ga for the “ancient high-
lands” (Neukum and Ivanov 1994) and the age ranges of 4.0-4.4 Ga and 4.35-4.55 Ga 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 still exist. Although some of the youngest ages are indisputable and
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perfectly constrained (Cone, North Ray and South Ray Craters), others are isotopically well
constrained ages (radiometric and exposure ages) but their geological interpretation is uncertain
or equivocal (2.1, 0.8, and 0.1 Ga for Autolycus, Copernicus, and Tycho, respectively), and the
remaining age (1.3 Ga for Aristillus), little more than speculative.

The improved data base has been incorporated into the absolute age calibration for the
lunar cratering rate as shown in Figures 5.32 and 5.33 by Stoffler and Ryder (2001) and by
Neukum et al. (2001). These new calibration curves, which are also adopted here, affect all
calibration curves for other terrestrial planets (see original curves in Hartmann et al. 1981,
Figs. 8.6.1 to 8.6.5 as reprinted in Taylor 1982, p. 105, and in Neukum and Ivanov 1994, Fig.
16). The calibration curve published in the Lunar Sourcebook (Heiken et al. 1991, Fig. 4.15)
contains large errors (e.g., the data points for L24, A14, and A16 are incorrect) and is therefore
misleading by suggesting large uncertainties for the determination of absolute crater retention
ages of lunar surfaces. For example, for a surface with 10~ craters >4 km/km?, the minimum
and maximum values for its age differ by some 1.7 Ga (!) compared to about 0.9 Ga read
from the revised calibration. For an area with 5x10~* craters >4 km/km? the corresponding
value drops from about 0.55 Ga to some 0.15 Ga. This problem holds similarly with the lunar
standard curve of Hartmann et al. (1981, Fig. 8.6.1) but somewhat less with Neukum and
Ivanov’s (1994) curve because it contains the correct value for Luna 24 and smaller error bars
for Apollo 16 and 14 than that in Heiken et al. (1991).

7.2. Interpretations of the lunar cratering rate and the ongoing debate about a possible
late cataclysm

What are the major implications of the new calibration curve (Figs. 5.32 and 5.33, Table
5.10), which is based on Stoffler and Ryder (2001) and Neukum et al. (2001), for the lunar
cratering rate as a function of time?

First, it is important to note that the data base is compatible with the analytical formula
for the crater production rate originally proposed by Neukum (1983) and discussed in detail in
Neukum and Ivanov (1994) and Neukum et al. (2001):

N(1) = 544x107 [exp(6.93 T)-1] + 8.38x107* T (5.13)

which relates the number of craters equal to and larger than 1 km in diameter per km? in an
area with the crater accumulation time (crater retention age) 7 in Ga. Assuming a constant
shape in time for the “Size-Frequency Distribution” (SFD) for the projectiles (see Section 3),
Equation (5.13) is valid for any crater diameter because we assume a constant slope of the
crater size-frequency distribution.

The data base presented above also demonstrates with a first order accuracy that (a) during
the last 3 Ga the lunar impactor flux was relatively constant with possible variations by a factor
of 2, which is in accordance with age data for young impact-melt rocks to be discussed below,
and (b) before 3 Ga ago, the impactor flux (“early heavy bombardment flux’’) was much higher
and rapidly decaying in time. Figure 5.33, for example, shows the graphical representation of
Equation (5.13) and demonstrates that on approximately 4 Ga old surfaces 95% of all craters
were formed between 3 and 4 Ga ago and only 5% of craters are younger than 3 Ga. The time-
derivative of the number frequency - time relationship (N — T function) gives an expression for
the cratering rate, dN/dt. The results are shown in Fig. 5.34. One can see that the cratering rate
4 Ga ago was 500 times higher than the constant rate during the last 3 Ga in accord with earlier
models by Hartmann (1970), Hartmann et al. (1984), and Neukum (1983).

The recommended calibration curve (Figs. 5.32 and 5.33) is better constrained, with small
errors in the age range from about 4.0 to 3.0 Ga, corresponding to cumulative crater frequencies
of about 1.5 x 107! craters >1 km/km? to about 2 x 10~ craters >1 km/km?2. However, major
uncertainties still exist for the pre-Nectarian Period (> ca. 4 Ga) and for the Eratosthenian and
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Copernican Periods (< about 3 Ga). The steepness of the calibration curve above about 3.75
Ga, the possibility that the pre-Nectarian surfaces for which crater counts exist (see Table 5.10
and Fig. 5.26) may not be older than 4.2 Ga (Wilhelms et al. 1987), and the fact that impact
melt lithologies older than 4.15 Ga are lacking indicate that the cratering rate may not increase
smoothly according to the present calibration curve from 3.75 Ga up to the time of the formation
of the Moon. Ryder (1990a) argued that a smooth increase would be incompatible with the
accretion rates required for the size of the Moon, contrasting with opposite views (Hartmann et
al. 2000). The observations at least mean that the cratering rate between 4.5 and 4.0 Ga is not
known and that there is still room for speculation about a possible late lunar cataclysm (Tera et
al. 1974; Ryder 1990a; Hartmann et al. 2000).

Recent age data obtained for impact-melt rock clasts of lunar meteorites (Cohen et al.
2000; Cohen 2002) have been interpreted by these authors in favor of the cataclysm hypothesis
(see also Kring and Cohen 2002), referring to a peak in the age distribution around 3.9 Ga and
to a lack of ages older than ~4.0 Ga. This view has been questioned by Hartmann (2003) since
the ages of impact-melt rocks measured by Cohen et al. (2000) and Cohen (2000) in fact show a
wide range from ~4.2 to ~0.5 Ga, in agreement with the corresponding age data from the Apollo
16 landing site (Stoffler et al. 1985; Deutsch and Stoffler 1987; see also Sections 5.2 and 6.2).
Moreover, Hartmann claims that the lack of ages of lunar impact-melt rocks older than ~4.1
Ga is a consequence of the early heavy bombardment which lead to a “pulverization” of melt
rocks prior to ~4.1 Ga (his model implies survival half-lives of melt rocks of <100 Ma prior to
4.1 Ga ago: “lack of old impact melts does not mean lack of old impacts”). Hartmann (2003)
argued strongly against a late cataclysm (“The hypothesis of a lunar cataclysmic cratering
episode between 3.8 and 3.9 Ga ago lacks proof”). He argued also against the view of Kring
and Cohen (2002) that a late cataclysm affected the whole inner solar system by showing that
the age data (Apollo lunar rocks, lunar meteorites, asteroidal meteorites) cannot be interpreted
in this way. We believe that the review of all available data discussed in this chapter provides no
solid arguments for assuming a low cratering rate early in the Moon’s history and one distinct,
late cataclysm (around 3.8-3.9 Ga ago), but it leaves the possibility for the existence of discrete
spikes in the pre-Imbrian cratering rate, which in general appears to decline smoothly from a
maximum rate existing very early in the Moon’s history (see also Hartmann 2003). In fact, the
impactor flux required to accrete the Earth in ~50 Ma and declining with half-lives ranging from
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a few Ma early in time to about 20-30 Ma later in time can be fit to the mathematical model
function of Neukum et al. (2001) discussed above (Hartmann et al. 2000; Hartmann 2003).

The cratering rates for the Eratosthenian and Copernican Periods are also not sufficiently
well constrained because reliable absolute ages for surfaces formed between 3 Ga and 1 Ga
are conspicuously lacking. In spite of the uncertain ages of the craters Autolycus, Aristillus,
and Copernicus, the tentative figures for their ages are largely compatible with a steady state
and constant cratering flux since about 3 Ga, although the data for Copernicus (Figs. 5.32 and
5.33) may indicate a slightly increased flux in the past 1 Ga. The possibility of a non-constant
flux has been confirmed recently by the non-uniform distribution of “°Ar-*Ar ages of 155 glass
spherules collected from the Apollo 14 regolith (Culler et al. 2000). Culler et al. suggested that
the cratering rate decreased since about 3.5 Ga by a factor of 2 to 3 to a minimum value at about
0.5-0.6 Ga and increased by a factor of 3.7 £ 1.2 in the past 0.4 Ga in accordance with data
for terrestrial craters (Grieve and Shoemaker 1994) and astronomical constraints (Shoemaker
et al. 1994). We argued in Section 3 that a reevaluation of the terrestrial cratering record and
of the astronomical data sets does not support a recent increase of the impact flux as suggested
by Culler al. (2000). The question of whether such changes in the post-Imbrian cratering flux
of the Earth-Moon system are real or not (see Ryder 2000; Horz 2000; Muller et al. 2000) has
important implications for the chronostratigraphy of Mars and other terrestrial planets.

7.3. Open questions and future work

The most burning open questions concerning the time-calibrated impact rate and the
absolute time scale for the lunar stratigraphy relate to the following issues:

(a) The lack of datable lunar samples from which age data could be derived for lunar
highland terrains that are older than 4.0 Ga such as intensely cratered highland
regions of the far side of the Moon or surface material deposited by the South Pole-
Aitken impact basin.

(b) The lack of datable lunar samples from Eratosthenian and possibly Copernican mare
basalt surfaces (extending to at least 1.2 Ga ago as proposed by Hiesinger et al.
2003) and from large Eratosthenian and Copernican rayed craters such as Autolycus,
Copernicus, and Tycho.

(c) Continued uncertainties in the unequivocal dating of lunar multiring basins, in
particular, of the Nectaris and Imbrium basins and the lack of age data for the
Orientale impact basin.

(d) The existence (or not) of a late cataclysm or of spikes in the impact flux prior to
3.75 Ga as a consequence of issues (a) and (c); this problem is related to the lack of
impact-melt rock samples older than about 4.2 Ga.

(e) The source and nature of projectiles impacting the Moon during the Early Heavy
Bombardment and/or during discrete spikes of the impact flux, e.g., a late cataclysm.

The problem with the lack of fundamental ground truth data concerning the lunar cratering
rates in the “old” pre-Nectarian and in the “younger” Eratosthenian and Copernican time
periods—outlined in the issues (a) and (b)—can only be solved by new sample return missions to
pre-Nectarian, Eratosthenian, and Copernican regions of the Moon. In terms of the fundamental
task to improve the lunar standard reference for the cratering flux in the inner solar system, such
missions should be given an equally high priority as sample return missions to Mars.

Part of the problem related to issues (c) and (d) is model dependent and part of it is due to
insufficient evaluation and sometimes incorrect interpretation of lunar highland samples and
of their absolute ages. This holds particularly for polymict breccias and for their geological
setting and provenance. The first part of the problem concerns the lack of understanding of
impact cratering mechanics of large basins, especially of the effects of ballistic sedimentation
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(Oberbeck 1975) on the stratigraphy and nature of samples at the highland landing sites such as
Apollo 14, 15, 16, and 17. Haskin and coworkers have reinvestigated this problem (Haskin et
al. 2002, 2003) and proposed “average stratigraphies” for the relevant landing sites. However,
these models do not account for important details such as the influence of pre-existing relief on
the thickness distribution of the secondary mass flow, which could be much thinner at specific
places than predicted by the model (see the ground truth at the Ries crater ejecta blanket, Horz
et al. 1983; Pohl et al. 1977). Such model stratigraphies are of limited use for specific local
interpretations; for example, it cannot be proven that post-Imbrian craters such as North Ray
Crater (Apollo 16) did not penetrate into Nectaris deposits as predicted by the model because
the real, local thicknesses of the Imbrium deposits are not known. The distinct differences in
the distributions of ages of clasts found in breccias at North Ray Crater rim as opposed to those
in the Cayley plains (Apollo 16), and in breccias at Cone Crater rim as opposed to those of the
main landing site of Apollo 14 speak to the contrary of the model assumptions (e.g., Stoffler et
al. 1985; Deutsch and Stoffler 1987; Stadermann et al. 1991).

The second major problem of issue (d) is the lack of old impact melt lithologies, which
has been used in favor of a late cataclysm (e.g., Ryder 1990a; Kring and Cohen 2002). The
absence of old impact melts has been explained by Hartmann (2003) as an effect of the very
heavy early bombardment in erasing the record of impact-melt rocks older than 4.1 Ga. We
believe that multiple impact cratering cannot completely erase previously formed, old impact
melt clasts because (1) resetting of ages by remelting of old melt lithologies is extremely
inefficient and (2) impact brecciation typically does not lead to very fine grained material which
could no longer be dated (in fact all returned highland breccias are not at all fine-grained, e.g.,
Heiken et al. 1991). In our view it appears more likely that the specific geological setting of the
Apollo highland landing sites (14, 15, 16, and 17) lead to a very selective sampling of material
dominated by Nectaris, Serenitatis, and Imbrium ejecta deposits, all being younger than 3.92
Ga, and by material from smaller craters, locally reworked by the ejecta of these three basins
from craters formed shortly before those large impact events, e.g., later than 4.2 Ga ago. One
important additional aspect related to the problem, which has been largely neglected so far, is
that coherent melt sheets of very large craters could be differentiated similar to the terrestrial
Sudbury Igneous Complex (Pye et al. 1984; Grieve et al. 1991) and be developed as clast-free
impact melt lithologies with “igneous” textures that would not necessarily be recognized as
impact-melt rocks. Members of the very old “Mg-suite” of plutonic rocks having ages between
4.5 and 4.2 Ga (see Table 5.6) could be old impact-melt rocks. In conclusion, data from the
study of the Apollo and Luna samples cannot solve the issues of the early bombardment
history of the Moon. The study of lunar meteorites is somewhat more promising but the final
answers can only come from new sample-return missions.

The extremely high impact rate during the early heavy bombardment (EHB) leads to the
question—outlined in issue (e)—about the nature of projectiles responsible for this effect:
asteroids, comets, or left-over planetesimals? A detailed discussion of this issue is beyond the
scope of this article and the reader is referred to a recent review by Hartmann et al. (2000).
Clearly, the source and nature of projectiles during the EHB period and the decay of the EHB
flux in time are important topics for future studies. An equally enigmatic issue relates to the
source and nature of projectiles that are potentially responsible for spikes in the flux during the
EHB or for a late or terminal cataclysm, if it can be proven.
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