
Chapter 2 

GEOLOGY AND STRATIGRAPHY 

2.1 The Face of the Moon 

The Moon is close enough to the Earth to enable its major surface 
features to be discerned. The effect of this fact on human intellectual devel- 
opment has provided a major stimulus to subjects as diverse as cosmology and 
the construction of telescopes. Accordingly, it is appropriate to begin this 
chapter with a brief discussion of the lunar surface. This provides the best 
stepping stone to the complexities of the inner solar system. 

Following Galileo's observation in 1610 that the Moon did not have a 
smooth spherical surface, but was rough and mountainous, speculation about 
the origin of the lunar landforms continued for three and a half centuries. Our 
appreciation of the forces responsible for shaping the surface of our own 
planet has taken about the same time to comprehend. Many of the major 
lunar features can be ascertained in Figs. 2.1 and 2.2. Figure 2.1 is afull-moon 
photograph, on which the most prominent features are the young rayed 
craters, such as Tycho, Copernicus, and Kepler. These rayed craters are the 
results of the most recent events on the Moon, and the debris resulting from 
the great collisions that formed them overlies the older formations. The details 
of the surface morphology are seen in Fig. 2.2, a composite photograph. The 
division into light-colored heavily cratered highlands and smooth dark maria 
is clearly apparent. 

Many stratigraphic truths may be obtained from a study of these photo- 
graphs. The best earth-based telescopic views of the Moon are equivalent in 
resolution (about 1 km) to many of those obtained by spacecraft photography 
of other planets and satellites. Thus, it is of value to study the lunar surface 
features and stratigraphy, since the surface of the Moon serves as a yardstick 
against which geological and stratigraphical interpretations of photographs 
of more distant objects may be tested. 
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2.1 This view of the full Moon is at about the same resolution as many spacecraft 
photos of other planets and satellites. The rays from Tycho dominate the southern 
portion of the photograph. Mare lmbrium is prominent in the northwest quadrant, 
immediately north of the bright ray crater Copernicus. Mare Serenitatis lies to the east 
of Imbrium. (Lick Observatory photograph.) 

The basic stratigraphy of the Moon was reasonably well understood 
prior to the initial manned lunar landing in 1969.In the Geology of the Moon: 
A Stratigraphic View, Mutch [I] presented essentially the pre-Apollo view of 
lunar stratigraphy. With the exception of the interpretation of the Cayley 
Formation, the broad stratigraphic picture which he presented has survived 
reasonably well. Most changes have occurred due to our increased under- 
standing of the dominating effect of meteorite impact processes (and the 
downgrading of volcanic processes) as responsible for shaping the morphol- 
ogy of the highlands. 
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2.2 This composite full-moon photograph shows the contrast between the heavily 
cratered light highlands and the smooth dark maria. Note the radial structure south- 
east from the Apennine Mountains bordering Mare Imbrium, which provided the first 
clue to  the impact origin of the Imbrium basin. (Lick Observatory photograph.) 

A fundamental step in understanding lunar geology was the notion that 
the widespread ridges radial to Mare Imbrium, and the circular structure 
itself, were the result of a gigantic collision. This interpretation was first 
advanced by Gilbert [2] in 1893, and was later discovered independently 
several times. Another crucial step was the recognition that the smaller craters 
were mostly due to meteorite impact and not to volcanic processes. This latter 
view is still not entirely extinct [3], and remnants of this view survived long 
enough to influence Apollo site selection [4]. The Orbiter spacecraft photo- 
graphy first revealed to full view the Orientale basin (Fig. 2.3), although its 
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2.3a Mare Orientale, the 
classic example of a multi- 
ring basin. The diameter of 
the outer mountain ring 
(Montes Cordillera) is 900 
km. The structures radial t o  
the basin are  well developed. 
The small mare basalt area 
to  the northeast is Grimaldi. 
The western edge of Ocea- 
nus Procellarum fills the north- 
east horizon (NASA Orbiter 
IV 181M). 

2.3b An oblique view of the Orientale multi-ring basin (NASA Orbiter IV 193M). 
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2.3~The central mare basalt fill and the outer rings of Mare Orientale (NASA 
Orbiter IV 194 M). 

presence had been inferred earlier by Hartmann and Kuiper [5]. his nearly 
perfectly preserved far-side feature provided the best evidence for the impact 
of very large objects and clarified the nature of the circular basins, which was 
less obvious on the earth-facing side. These concepts of an early lunar history 
dominated by cratering and giant basin forming events opened the way to  
construct a stratigraphy for the lunar surface based upon the observed super- 
position relationships. 

The oldest regions observable are the lunar highlands, saturated with 
large craters (50-100 km diameter) (Fig. 2.4). Coincident with the cratering 
was the excavation of the giant ringed basins. The youngest examples, 
Imbrium and Orientale, have affected wide areas of the lunar surface, but 
many more are clear (Fig. 2.2). Near-side and far-side mapping of these has 
revealed the existence of 30 basins with diameters in excess of 300 km. 
Fourteen others probably exist [6] (Table 3.1, Appendix IV). The basins are 
apparently distributed evenly on both near and far sides of the Moon. The 
apparent anisotropy of the Moon is caused by the paucity of mare basalt 
flooding on the far side, not by a different cratering history. 

It is possible to reconstruct the appearance of the Moon at the close of the 
great bombardment, at about 3.9 aeons [7] as shown in Fig. 2.5 [8] by 
removing the younger formations. 

Following closely, and indeed overlapping the terminal or earlier ,stages 
of the intense cratering, came the floods of basaltic lava, which are so promi- 
nent on the visible face. These events on the Moon have terrestrial analogies, 
such as the flood basalts of the Columbia River Plateau, the Deccan Traps, 
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2.4 The heavily cratered far-side highlands of the Moon. Note the paucity of mare 
basalts. Mare Crisium is the circular mare on the northwest horizon. The other 
patches of basalt are Mare Smythii and Mare Marginis (Apollo 16metric frame 3023). 

and others [9]. The lava floods continued for at least 800 million years. The 
latest flows are possibly as young as 2.6 aeons, close to the time of the 
Archean-Proterozoic transition on the Earth (Chapter 6). A reconstruction of 
the surface of the Moon at the terminal stages of the mare basalt flooding 
(about 3.0 aeons) is shown in Fig. 2.6 181. 

An important stratigraphic conclusion was drawn from the study of 
earth-based photographs; namely, that the major lava flooding of the basins 
occurred well after the ringed basins were formed. The southeast region of 
Mare Imbrium (Fig. 2.7), which includes the Apollo 15 landing site, is reveal- 
ing. The Apennine ridge, the rim of the Imbrium basin, runs diagonally from 
the southwest corner (near the crater Eratosthenes). Archimedes, the large 
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prominent crater in the north central portion, was formed after the excavation 
of the basin but before the lava flooded both it and the Imbrium basin, since 
the crater ejecta is buried by basalt. Other craters (Eratosthenes, Autolycus, 
and Aristillus, in the northeast quadrant), as well as many small craters, 
formed after the lava floods. Figure 2.2 reveals other post-basin, pre-fill 
features (e.g., Plato, Sinus Iridum). Eight craters with diameters in the range 
1 1-266 km were formed within the Imbrium basin before the major flooding 
of the mare basalts. 

From a study of Figs. 2.2 and 2.6, a further stratigraphic truth is availa- 
ble. There is no debris from the excavation of the giant ringed basins lying on 

2.5 A reconstruction of the face of the Moon at 3.9 aeons following the Imbrium 
basin collision, showing the highland surface prior to the onset of the mare basalt 
flooding. Sinus lridum in the northwest corner is post-Imbrium basin formation. 
Archimedes and Plato have not yet formed. (Diagram courtesy of D. E. Wilhelms, 
reproduced from Icarus. 15: 368, Academic Press.) 
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2.6 A reconstruction of the face of the Moon at 3.2aeons. This shows the surface at 
the end of the period of mare basalt flooding. Note that craters such as Archimedes, 
Plato, and Sinus lridum are post-Imbrium basin formation, but predate the mare 
basalt fill. Note that the Moon at this remote epoch already looks familiar. (Courtesy 
D. E. Wilhelms, reproduced from lcarus 15: 368, Academic Press.) 

the lava plains. No Imbrium ejecta is observed on the smooth plains of Mare 
Serenitatis. Conversely, no material thrown out during the excavation of 
Serenitatis is seen over the surface of the Imbrium basin lavas. This observa- 
tion [lo] also means that the eruption of the mare basalts came well after the 
excavation of the basins which they occupy. These are clearly of differing ages, 
shown by the various degrees of destruction of their rims. This indicates that 
any impact melting caused by the collisions that formed the ringed basins was 
not responsible for the major floods of mare basalt that fill them. This 
deduction was abundantly confirmed by the petrographic, geochemical and 
age dating studies on the samples returned by the Apollo missions. 
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2.7 An earth-based photo of 
the southeast sector of Mare 
Imbrium. The Apennine Moun- 
tains form the prominent north- 
east-trending ridge which forms 
the outer ring of the Imbrium 
basin. The large lava-filled cra- 
ter is Archimedes. This is post- 
basin formation but pre-lava fill. 
The two craters northeast of 
Archimedes are  Autolycus and, 
to  the north, Aristillus. These 
postdate the lava fill. The large 
crater in the southwest corner 
is Eratosthenes. (Lick Obser- 
vatory photograph.) 

2.8 Oblique view of Copernicus, 93km in diameter, showing central peak and slump 
terrain [the rim of the Imbrium basin forms the horizon (NASA AS 17-151-23260)l. 
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Superimposed on lava plains and highlands are craters, some older and 
subdued such as Eratosthenes, and others younger with bright rays [e.g., 
Kepler, Copernicus (Fig. 2.8), and Tycho]. One estimate for the age of 
formation of Copernicus is 900 million years, but this conclusion depends on 
the interpretation that the light grey layer in the regolith at the Apollo 12 site is 
ray material from Copernicus [l 11. 

Tycho is estimated to be about 100 million years old. It is the youngest 
major cratering event. The age estimate depends on the interpretation that the 
landslide at the Apollo 17 site, whose surface is dated by cosmic ray exposure 
ages, was caused by the impact of ejecta from Tycho (Section 4.10.2). Crater 
counting statistics (Chapter 3) indicate a range in ages from 200 to 1000 
million years with a best estimate of 700 million years, considerably older than 
the previous figure. If Tycho formed during the Mesozoic era on Earth 
(65-225 million years ago), it provides evidence that large objects were in 
earth-crossing orbit at that time. Accordingly the notion of a similar impact 
on the Earth at the Cretaceous-Tertiary boundary receives additional credibil- 
ity [12]. 

Tectonic features in the terrestrial sense are rare on the Moon. Mostly 
they appear to be associated with vertical motion, producing small grabens, 
for example. Most of these features are probably related to crustal loading by 
the filling of the impact basins by mare basalts (see Chapters 6,7). No vestige of 
a plate tectonic regime appears on the lunar surface. 

Thus, the visible face of the Moon has changed little throughout the past 
3 billion years, during which time complex geological events have occurred on 
the surface of the Earth. A space traveler visiting the Earth 3-4 aeons ago 
would have seen the Moon (Fig. 2.1) rather like it is today. The red glow of a 
mare basalt flood could have been visible during a particularly well-timed 
visit. The spectacular but nearly instantaneous production of the Imbrium or 
Orientale basins or of a large impact crater would require finer timing to 
witness. Meanwhile, the Earth began the slow and infinitely complex synthe- 
sis of organic compounds that resulted ultimately in the appearance of Homo 
sapiens and the reconstruction of lunar and terrestrial history. 

2.2 Stratigraphy of the Lunar Surface 

Shoemaker and Hackman [13] proposed a lunar stratigraphic sequence 
based on the stratigraphy observed around the Imbrium basin. They divided 
this sequence into five recognizable systems (Table 2.1). This classification 
formed the basis for further mapping, but complexities arose. The most 
important concerned the subdivision of the Imbrian system. An early, or 
Apenninian series, referred to the excavation of the basin itself. Included in 
this was the ejecta blanket of the Imbrium basin, named the Fra Mauro 
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Table 2.1 Original stratigraphic subdivision of the Imbrium basin ~ e ~ u e n c e . 7  

System Events 

Copernican Young craters, rays, bright albedo 
Eratosthenian Older craters, no rays, low albedo 
Procellarum Mare lava flooding 
Imbrian Basin excavation 
Pre-Imbrian Highland crust cratering 

t ~ r o mShoemaker and Hackman [13]. 

Formation. A later Archimedian series included the period of formation of 
the post-basin pre-fill craters (Archimedes, Plato, Sinus Iridum). After this 
came the Procellarum group, which suffered many changes in status in the 
stratigraphic hierarchy [14] before finally vanishing, when the wide spread in 
ages of mare basalt flooding was recognized. 

Further complexities became apparent as the mapping was extended into 
regions of the Moon remote from the Imbrium basin. The rugged Fra Mauro 
ejecta blanket close to the Imbrium basin (Fig. 2.9) graded insensibly into 
smoother deposits. These smooth plains were widespread over the lunar 
highlands. Age relationships became confusing since these deposits appeared 
to be of differing ages in different regions (Figs. 2.10and 2.1 1). In many areas 
they were the latest premare fill material and so presumably younger than the 
Imbrium basin ejecta. This dilemma was partially resolved by assigning them 
to a new formation, the Cayley Formation [14], of which we shall hear more. 

The recognition of the importance and effects of the great ringed basins 
led to the concept that much of the highlands contains a complex overlap of 

2.9 A low sun angle oblique 
view of the Fra Mauro ejecta 
blanket. The spacecraft boom 
points to the center of the cra- 
ter Fra Mauro. The Apollo 14 
site is northwest of the Fra 
Mauro crater rim (NASA 16-
1420). 
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2.10 Light plains deposit in 
the 150-km diameter crater 
Ptolemaeus (Apollo 16 metric 
frame 990). 

ejecta blankets. This view has been modified by the recognition that the 
secondary cratering due to  the great collisions extends beyond the deposition 
of primary crater ejecta (Section 3.18). Many other workers, perplexed by the 
complexity of highlands stratigraphy, appealed to volcanic ash flows, of nuke 
ardente type, to account for the smooth highland plains. Such processes could 
be invoked to provide small or large deposits of variable ages but raised more 
questions than they answered. The petrological consequences of a volcanic 
process differing markedly from the observable mare basaltic volcanism [ I  51 

2.11 Light plains fill in the 
northwest quadrant of Mende- 
leev Crater (diameter 330 km). 
The higher density of craters 
suggests an older age for these 
light plains compared with those 
in Fig. 2.10 (Apollo 16 metric 
frame 2078). [Mattingly, T. K., 
and El-Baz, F. (1973)PLC4: 52.1 
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were rarely addressed. As the other basins were studied, the familiar problem 
of correlation arose to bedevil the lunar stratigraphers attempting to extend 
the Imbrium basin formations to the younger (Orientale) and older (Humo- 
rum, Serenitatis, and Nectaris) basins. It was soon realized that the Imbrium 
event was only one of many such, although the full extent ofthe bombardment 
(Chapter 3) was only slowly realized. 

Separate formations were established related to major basins. The Orien- 
tale basin ejecta blanket was subdivided into Hevelius formation (smooth 
facies) and Cordilleran formation (hummocky facies). For other basins the 
ejecta were mapped as Vitello formation (Humorum basin) and Janssen 
formation (Nectaris basin), establishing the basic stratigraphy of the lunar 
surface [14]. 

This phase of lunar investigation has been completed by the publication 
of the six 1:5,000,000 series of lunar maps by the U. S. Geological Survey [16]. 
These provide detailed accounts of lunar stratigraphy, as well as useful 
statements on many details of the lunar surface. A definitive account of lunar 
geology and stratigraphy has been written by Wilhelms [17] to which the 
reader is referred for book-length treatment of this subject. 

The most recent major change to the lunar stratigraphic column has been 
the subdivision of the Pre-Imbrian. This has been divided into two new 
systems based on the recognition of the importance of the formation of the 
Nectaris basin as a convenient marker in Pre-Imbrian time [18]. Thus, the 
Nectarian system extends from the base of the Janssen Formation (the ejecta 
blanket of the Nectaris basin) up to the base of the Fra Mauro Formation, 
which was formed during the Imbrium collision. 

The rocks older than Nectarian are referred to as Pre-Nectarian. 
Although these two systems replace the Pre-Imbrian in many areas of the 
Moon, the latter term is very firmly entrenched in the lunar literature. In this 
review the term "Pre-Imbrian" is used as equivalent to "Nectarian and Pre- 
Nectarian." This subdivision of lunar time becomes important in considering 
the question of the possible lunar "cataclysm" or "terminal cataclysm." 

The final stratigraphic scheme adopted is shown in Table 2.2. In this 
table, a division has been made between the maria, craters, highlands and 
circum-basin materials as the principal regions for which it is useful to 
establish relative stratigraphic sequences. A terrestrial analogy is the facies 
variation among differing tectonic regimes. 

2.3 Radiometric and Stratigraphic Lunar Time Scales 

Before the Apollo missions, many attempts were made to establish a 
lunar chronology using the only available dating method, that of crater 
counting. This method can yield valuable relative age sequences, if properly 
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employed, and if care is taken not to  include secondary craters in the count 
(Sections 3.17, 3.18 and 5.10). Even secondary craters are useful, since they 
assist in establishing the relative chronology of the great impact basins. The 
pre-Apollo understanding in this respect might be best described as chaotic. 
Primary craters, provided the meteorite flux is known, can provide a n  abso- 
lute time scale. This is the only method applicable to  the other bodies in the 
solar system until sample returns are possible. The method has and can 
provide unique information, and has led to  much understanding of the 
chronology of the inner solar system. The success of the method is due to  
calibration with the ages obtained from the returned lunar samples, so  that  

Table 2.3 Comparison between stratigraphic and radiometric ages for the ~ 0 o n . t  

Stratigraphic Age Event Radiometric Age 

Copernican South Ray Crater (Apollo 16 site) 2 m.y. 
Shorty Crater (Apollo 17 site) 19 m.y. 
Cone Crater (Apollo 14 site) 24 m.y. 
North Ray Crater (Apollo 16 site) 50 m.y. 
Camelot Crater (Apollo 17 site) 90 m.y. 
Tycho Crater 107 m.y. 
Copernicus Crater 900 m.y. 

Eratosthenian 

Imbrian 	 Apollo 12 basalts 
Apollo 15 basalts 
Luna 24 basalts 
Luna 16 basalts 
Apollo I I high-K basalts 
Apollo 17 high-Ti basalts 
Apollo I1 low-K basalts 
Imbrium basin (Fra Mauro) 

Nectarian 	 High-A1 basalts (Fra Mauro Apollo 14) 
Serenitatis basin 
Nectaris basin 

Pre Nectarian 
Primary lunar differentiation 

t ~ a t afrom sources discussed throughout the text. See Sections 3.17,4.3.4,4.10, 5.10 
and 6.4 for details. 
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cautionary tales from the lunar experience are in order. Hartmann [19] 
estimated the age of the lunar maria at 3.5 aeons, a remarkably accurate 
estimate, and consistent with earlier values of Baldwin [15]. As the Apollo 
sample return came closer, the ages based on crater counting began to fall, the 
extreme examples being 3-6 million years for parts of Oceanus Procellarum 
1201 and with many estimates giving ages of a few hundred million years for 
the maria [21]. These estimates, 1-2 orders of magnitude too low, were in error 
principally on account of the confusion of secondary with primary craters, 
and errors in estimating meteorite flux rates. 

The first age determinations were made by the Preliminary Examination 
Team on the Apollo 11 samples, using potassium-argon (K-Ar) dating. They 
found ages ranging up to 3.7 aeons, later confirmed by other techniques, for 
the mare basalts 1221. 

The significance of these ages was immediately apparent, and led them to 
comment that "Perhaps the most exciting and profound observation made in 
the preliminary examination is the great age of the igneous rocks from this 
lunar region-it is clear that the crystallization of some Apollo 1 1 rocks may 
date back to times earlier than the oldest rocks found on Earth." The age 
information from the returned samples alone makes the Apollo sample return 
of unique scientific value. The correlation between the stratigraphic and 
radiometric time scales is shown in Table 2.3. Two facts should be noted. 
First, events on the Moon are ancient by terrestrial standards. Second, the 
period of intense cratering predates 3.8 aeons. This provides a time-frame for 
similar intense cratering observed throughout the inner solar system. 

2.4 Detailed Lunar Stratigraphy 

Frequent reference is made throughout the book to  the various 
stratigraphic terms used to subdivide the lunar record and, accordingly, some 
brief descriptions of these units are given here to set the stage for further 
discussion. For full details, the reader must consult Mutch [I], and Wilhelms 
['71. 

2.4.1 Pre-Imbrian 

The identification of the impact origin of the Imbrium basin, and the 
dominating effect which it produced on the near side of the Moon, make it a 
useful time marker. the Orientale basin is demonstrably younger, with sec- 
ondary impact craters from that event being superposed on Imbrium secon- 
daries [23]. The formation of the Imbrium basin occurred nearly at the close of 
the great cratering of the Moon (Section 3.17). Only ten impacts that pro- 
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duced craters or basins greater than 150 km in diameter occurred subsequent 
to the Imbrium collision, compared to 73 identified in that class before 
Imbrian time [24]. Because of crater and basin saturation effects, the actual 
number must be even greater. 

As noted earlier an increased understanding of the early history of the 
Moon has led to subdivision of Pre-Imbrian time into Nectarian and Pre- 
Nectarian. Pre-Imbrian time remains useful in the same context as the concept 
of Pre-Cambrian time on Earth, Nectarian and Pre-Nectarian being analo- 
gous to the Proterozoic and Archean respectively but of course being much 
older and not equivalent in absolute age. 

2.4.2 Pre-Nectarian 

This system is equivalent to the older part of the Pre-Imbrian. The 
Pre-Nectarian system contains twice as many basins as does the overlying 
Nectarian, although Pre-Nectarian craters are less numerous. This is ascribed 
to destruction of older craters by new craters or basin collisions [18]. 

The distribution of the Pre-Nectarian units is given in Fig. 2.12, which 
shows the distribution of large ringed basins. The implications both for 
meteoritic flux rate and of the possibility of a spike in the cratering record (the 
lunar cataclysm) lend importance to the establishment of a relative chronol- 
ogy for the Pre-Nectarian period. The Pre-Nectarian highlands are generally 
divided into "cratered" and "heavily cratered" terrain (e.g., Fig. 2.12). Theless 
heavily cratered terrain has probably been covered with basin ejecta. The 
oldest basins have been nearly totally destroyed (e.g., A1 Khwarizimi). How 
many older basins once existed? These questions are addressed in the sections 
on meteorite flux (3.16, 3.17) and on planetary crusts (Section 5. lo), but it is 
probable that we see only the latest part of the record. 

2.4.3 Nectarian 

This system forms an important and useful time-stratigraphic unit, since 
the Janssen Formation, representing ejecta from the Nectarian basin, is 
widespread in the southeast regions of the Moon, remote from the effects of 
the Imbrium and Orientale collisions. The type area for the Janssen Forma- 
tion is in the crater Janssen, although a somewhat wider region (Lat. 40-48" S, 
Long. 37.5-65" E) is defined as the type area which includes the crater Janssen 
(1 80 km diameter) as well as the prominent valley Vallis Rheita, long a source 
of curious speculation, but almost certainly due to low-angle secondary ejecta 
from the Nectarian basin collision (e.g., Baldwin [15]). The Nectarian system 
is much more heavily populated with impact structures than is the Imbrian 
system, containing about five times more basins and craters with diameters 
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larger than 150 km. The age of formation of the Nectarian basin thus becomes 
of crucial importance in our understanding of cratering flux rates and of 
cataclysms. The base of the Nectarian system (the Janssen Formation) is 
extensive and forms a useful marker in Pre-Imbrian time. The view is taken 
here, and throughout the book, that the cratering flux shows a steep but 
steady decline down to 3.8 aeons and that the evidence of a late spike is not 
demanded by either the age or geological data. 

The Descartes Formation may well belong to the Nectarian system, if it is 
finally identified as Nectarian basin ejecta. This is an important question for 

NEAR SIDE 

N 


mare lrnbrian Nectarian cratered h e a ~ ~ l y  
basins bas~ns  cratered 

2.12 Province map of the lunar highlands, showing the distribution of 43 large basins 
with diameters greater than 220 km. Mare lava fill is shown in white. The terrain 
affected by the young "Imbrian" basin collisions (e.g., Imbrium, Orientale) is distin- 
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dating the basin sequence, since samples could be represented among the 
Apollo 16 collection. This question is still unresolved. The Kant plateau, to 
the east of the Apollo 16 site, is probably the primary Nectaris ejecta, but the 
Descartes Formation alternatively may be primary Imbrium ejecta piled up 
against the Kant plateau. Other alternatives are possible (see Sections 3.18 
and 5.10 and the discussion in the following section). 

FAR SIDE 

guished from that due to the older Nectarian basins. The other parts of the highlands 
are divided into cratered and heavily cratered terrain. Those highland regions with 
low numbers of craters have been covered by basin ejecta. The distribution of basins 
is random. Some old basins have been nearly obliterated. Presumably older basins 
have been totally destroyed. The highland surface appears to be saturated with basins 
as well as impact craters, so that we see only the final stages of the bombardment 
history. 

This interpretation favors a continued impact history extending back in time toward 
the origin of the highland crust, rather than a sudden spike of great collisions at about 
4.0 aeons. [Howard, K. A., et al. (1974)Rev. Geophys. Space Phys. 12: 322.1 
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2.4.4 The Imbrian System 

The base of this great system is defined as the basal unit of the Fra Mauro 
Formation. Since the formation of both the Imbrium and Orientale basins 
occurs within the time frame encompassed by this system, it is one of the most 
important stratigraphic systems on the Moon, marking the decline of the great 
bombardment. This datum may be widespread throughout the solar system. 

Fra Mauro Formation 
Two facies are recognized, "hummocky" and "smooth" respectively. The 

type areas are close to the Fra Mauro crater (Fig. 2.9). The Fra Mauro 
Formation is generally interpreted as an ejecta blanket from the Imbrium 
basin-forming event, with qualifications on the amount of primary and locally 
derived material present. The thickness of the Fra Mauro Formation is 
somewhat model dependent, but estimates ranging from 900 m (at the outer 
basin rim) to 550 m (at 900 km south) have been made [I]. This definition of 
the formation includes all deposits radial to Imbrium; for example, the 
Haemus Mountains. 

Cayley Formation 
The rugged Fra Mauro "hummocky" facies grades insensibly into the 

"smooth" facies. Such smooth plains are widespread in the lunar highlands. 
Crater counting revealed differing ages in different areas (Figs. 2.10,2.11). As 
noted earlier, this problem was partly resolved by the time-honored method of 
creatinga new stratigraphic formation. Two major controversies have swirled 
about the Cayley Formation (and the associated hilly Descartes Formation). 
Initially, a widespread view was that both the Cayley and the Descartes 
Formations were igneous in origin, with the Cayley representing ash-flow or 
ignimbritic deposits while the more rugged Descartes terrain was analogous to 
terrestrial rhyolitic domes. This interpretation had a widespread influence on 
site selection for the Apollo 16 landing as well as other implications as far 
afield as the origin of tektites. The Apollo 16 sample return effectively demon- 
strated that both formations were comprised of impact breccias and melt 
rocks of impact origin, and that no volcanic rocks were present (Sections 5.2, 
5.3). The second controversy concerned the extent of primary and secondary 
components in the ejecta blankets. The major question turns upon local versus 
distant origin for the smooth plains deposits. One major piece of evidence in 
support of a local origin is the variability in the All Si ratios observed from the 
orbital chemical data (Sections 3.9, 5.8). This observation would not be 
expected to follow from a debris sheet of uniform composition originating 
from Imbrium, but is consistent with deriving some of the ejecta locally, 
ploughed up by secondaries from Imbrium. Terrestrial examples have dem- 
onstrated this effect. The study of the Ries (West Germany) ejecta blanket, 
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where it crosses a geological boundary south of the crater, indicates a high 
percentage of locally derived debris [25]. On the Moon, the situation may not 
be so simply resolved. The upper portions of the highland crust are comprised 
of a complex of overlapping ejecta blankets from the basin collisions. Excava- 
tion of this material by later impacts, accompanied by ploughing up ejecta by 
secondaries may produce much chemical heterogeneity superimposed on 
primary differences. A further question turns on the relationships of the Fra 
Mauro, Cayley and Descartes Formations. More distant Cayley plains units 
are not likely to be related to the Imbrium event, but a large percentage of 
primary Imbrium ejecta is expected at Fra Mauro (Apollo 14 site). The 
problems of accounting for smooth plains deposits far removed from the 
Imbrium basin have perhaps overshadowed the importance of primary basin 
ejecta. The question of the relative amounts of basin primary and secondary 
ejecta at the Descartes site is also critical for the interpretation of the 
Descartes (Apollo 16) ages. The controversy between the two opposing 
schools of thought is well set out in references [26, 271. 
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2.13 Sketch map of the Apennine Bench Formation, showing the extensive distribu- 
tion west of the Apollo 15site. (Courtesy B. R. Hawke.) 
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Apennine Bench Formation 
This enigmatic formation was apparently not sampled during the Apollo 

15 mission; therefore, its origin remains in dispute. It is exposed south of the 
crater Archimedes, within the Imbrium basin and immediately northwest of 
the Apennine mountain scarp (Figs. 2.7, 2.13). Various origins have been 
proposed and the crucial question is whether it was formed during the 
Imbrium collision, or post-dates it as a volcanic fill. This question will be 
discussed in connection with the orbital data for Th and K and the possible 
occurrence of KREEP basalt postdating the collision (Section 5.4.4). The 
evidence as assessed here is that it is equivalent to  the hummocky material 
between the Rook and Cordillera mountains of the Orientale basin (Montes 
Rook Formation) (Fig. 3.16). This so-called knobby facies is interpreted as a 
fine-grained debris sheet or an impact melt sheet ponded against the Cordillera 
scarp. A corollary is that this mountain ridge must have been in place before 
the melt or debris sheet arrived (within a matter of minutes after the Orientale 
impact). Debate on this point as on many others in this book will continue 
until the resumption of manned spaceflights to  the Moon. 

Cordillera and Hevelius Formations 
Just outside the Cordillera Mountain ring of the Orientale basin occurs a 

hummocky facies of the ejecta sheet (Fig. 3.16). This grades outwards into a 
smooth facies, named the Hevelius Formation (Fig. 2.14). These relationships 
are a little clearer than those observed in the Fra Mauro Formation, and have 
aided in the interpretation of the latter. The Hevelius Formation must have 
flowed over the surface, since in many places it is piled up against obstacles 
[28] (e.g., Southeast wall of Crater Inghirami). These units are discussed in 
more detail in the chapters on cratering and planetary crusts. The observable 
effects of the Orientale collision extend out for many hundreds of kilometers 
from the outer ring of the Montes Cordillera. 

Mare Materials 
The older basalts are conventionally included in the Imbrian system and 

represent the youngest member of that system. Probably the Marius Hills 
volcanic cones and domes belong in the Imbrian system (D. E. Wilhelms, pers. 
comm., 1981). Recent mapping practice has been to distinguish mare mate- 
rials as a separate formation, because of the wide spread in their ages, rather 
than to include them in the formal lunar stratigraphic schemes. This is because 
the rate of filling of the large basins is not known, so that only the ages of the 
uppermost units in the basins are established, either by dating of returned 
samples, or by photogeologic techniques. Individual basin filling extended 
probably over a long time, overlapping perhaps with some of the basin- 
forming events. 
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2.14 An Orbiter photo of the 
Hevelius Formation, 700 km 
southeast of the center of the 
Orientale basin. Note the strong 
flow pattern toward the south- 
east (NASA Orbiter IV 167-H3). 

2.4.5 Eratosthenian System 

The type locality for this system is the crater Eratosthenes (Fig. 2.7) (58 
km diameter) northeast of Copernicus. All post-mare craters whose ejecta 
blankets are subdued, and where the rays are no longer visible or are very faint 
under high sun angle illumination, are included. The latest episodes of volcan- 
ism are also generally included in this system. 

2.4.6 Copernican System 

This is the youngest of the systems employed for lunar mapping. It 
includes all young, fresh, bright-rayed craters. The type locality is Copernicus 
(93 km diameter) (Fig. 2.8). 

The detailed discussion of absolute time assignments to these geologi- 
cally established systems will be taken up later in the book. Much controversy 
surrounds this topic, in particular the age of the formation of the Nectaris 
basin, which is critical for much of our interpretation of early lunar history. 
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2.5 Mercury 

The geology of Mercury shows strong similarities with that of the Moon 
(Fig. 2.15). Thus, it can be argued that a similar sequence of events must have 
occurred on both bodies. This has important implications for extrapolating 
the well-dated sequence on the Moon to other bodies. The surface of Mercury 
is therefore highly significant in the interpretation of early solar system 
history, contrary to frequently expressed opinions that Mercury is "just like 
the Moon." 

The accretion of Mercury must have been closely followed by differentia- 
tion. Two principal observations support this conclusion: (a) the high den- 
sity of Mercury (5.44 gm/cm3), and (b) the presence of silicate material and a 
lunar-like topography at the surface. These observations lead to the conclu- 
sion that the planet has a high iron content, which must be segregated into a 
core about 0.75-0.80 of Mercurian radius, overlain by a silicate crust. The 
heavy cratering of the crust must have been early, by analogy with the Moon, 
and the crust must have been thick enough and cold enough to preserve the 
record of this bombardment well before 4.0 aeons. 

Detailed descriptions of the planet may be found in the report on the 
Mariner 10 mission [29] and in the proceedings of two conferences on 
Mercury 130, 311. The photographic coverage from the Mariner 10 mission is 
restricted to less than one-half the planet. Reliable image resolution over this 
area is about 4-5 km, with the best resolution about I km, comparable to 
earth-based telescopic views of the Moon. A very small number of high 
resolution (100 m) views are available. Accordingly, the interpretation of the 
geology and stratigraphy of Mercury depends strongly on lunar analogies. 

There are three dominant landscape forms on Mercury: (a) intercrater 
plains; (b) heavily cratered terrain; and (c) smooth plains. 

2.5.1 Intercrater Plains 

The intercrater plains (Fig. 2.16) may represent an "ancient primordial 
surface." The principal distinction from the smooth plains is that they are 
much more heavily cratered. The smooth plains (Fig. 2.17) may be compared 
with the Cayley Formation on the Moon. The intercrater plains occupy about 
one-third of the Mercurian surface which was visible to Mariner 10 [32]. As 
noted above, they differ from the later "smooth plains" principally because of 
the large number of craters in the range of 5-16 km diameter. There is no 
difference in the albedos of the intercrater plains and the smooth plains 
(albedo = 0.15 f 0.02 for both). There is little contrast between the albedos 
of the heavily cratered terrain and the plains units, in contrast to the Moon. 
Accordingly, difficulties in interpretation arise. Are these plains units vol- 
canic, or do  they represent deposits from large craters and basins? 
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2.15b The distributionof the major plains units on Mercury. [After Basaltic Volcan- 
ism (1981)Fig. 5.5.3.1 

This question appears to be inherently unresolvable from the present 
photographic data. The absence of contrast in albedo is not consistent with a 
basaltic composition for the Mercurian plains [33]. The analogy with the 
Cayley problem on the Moon prior to the Apollo 16 landing is nearly com- 
plete. Arguments in favor of a volcanic explanation for the plains units (both 
"intercrater" and "smooth" should have the same origin) are primarily nega- 
tive. Thus the intercrater plains are extensive, and there is an apparent paucity 
of multi-ring basins which might have supplied ejecta. Such ejecta have a more 
restricted ballistic range than on the Moon, due to the higher gravity of 
Mercury. The lunar terrain which most closely resembles that of the Mercu- 
rian intercrater plains is the so-called Pre-Imbrian "pitted terrain," southwest 
of the Nectaris basin (35-65"s; 10-30°E) (Fig. 2.18). The distinction from 
Cayley-type plains is mainly in a higher density of craters. These lunar plains 
have been suggested to represent an early phase of volcanism [34] since it is 
difficult to assign them to particular multi-ringed basins, if they are basin 
ejecta. This is the same problem which is encountered on Mercury. However, 
the resemblance between the Cayley plains and these "pitted terrain" plains 
must be interpreted cautiously; this author finds no compelling evidence to 
interpret them as other than the reult of impact-produced debris from basin 
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2 . 1 5 ~ Tectonic map of Mercury, showing lobate scarps and ridges. Caloris basin at 
left. [After Basaltic Volcanism (1981)Fig. 6.5.11.1 

formation. The lack of identifiable sources may be simply due to the destruc- 
tion of old basins by new ones, a view consistent with an extended period of 
basin formation rather than a lunar cataclysm. 

Another problem which bedevils the interpretation of the intercrater 
plains of Mercury is that their stratigraphic position is uncertain. Significant 
areas may be younger than the heavily cratered terrain [35]. Many of these 
questions can only be resolved by future missions. The view taken here is that 
both the intercrater plains and the smooth plains represent Cayley-type 
deposits resulting from basin-forming impacts 1333, although there is a consid- 
erable body of opinion that they represent lava plains [36]. Few visible 
morphological indicators of volcanism can be recognized on Mercury. Per- 
haps the most persuasive evidence for volcanism on Mercury is the presence of 
some dark albedo areas within craters (e.g., Tyagaraja) [37, 381. 

Finally, there is the problem that all analogies are with the Moon, but 
that body has a distinctly lower bulk density and hence a different composi- 
tion, as well as a different interior structure, so that the mantle of Mercury is 
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2.16 Typical Mercurian intercrater plains. Elongate craters and crater chains are 
present on the intercrater plains and are probably secondary impact craters from 
basins and craters of the heavily cratered terrain. The lobate scarp (Santa Maria 
Rupes) is probably a thrust fault which post-dates the intercrater plains and tran- 
sected craters. The picture is 400 km across; north is at the top (Mariner 10, FDS 
27448) [34]. 

probably very different than that of the Moon. Lavas erupted from it may not 
resemble lunar basalts in albedo. There is accordingly a complex situation 
with respect to interpretations of the Mercurian photographs. The Moon 
provides the only viable analogy, but due to planetary density differences and 
probable mantle differences, Mercurian volcanism may be sufficiently differ- 
ent to make photogeological interpretations difficult. 

In summary, the evidence for extensive basaltic style volcanism on 
Mercury is judged to be slender and the plains are here interpreted as of 
impact origin. 

2.5.2 The Heavily Cratered Terrain 

The origin of the heavily cratered terrain (Fig. 2.19) is less enigmatic than 
that of the plains. The craters are similar in general morphology to those on 
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2.17 Hilly and lineated terrain on Mercury. Smooth plains occur in the large 
degraded crater. The linear valley extending northwest is Arecibo Vallis. Center of 
area is at 28"S, 22"W. Region shown is 450 km across (Mariner 10Frame 27370) [32]. 

the Moon, and all the features such as ejecta blankets, terraces, central peaks 
and peak rings, secondary crater fields, etc., are present. Differences due to 
gravity, possible target strength, average impact velocity, and the source of the 
impacting objects lead t o  minor differences (see Chapter 3 for an extended 
discussion). 

Crater diameters range from thirty to several hundred kilometers and 
appear in general to  be very similar to those of the lunar highlands, with the 
differences in detail noted above. The Caloris basin may be conveniently 
noted here. This great feature recalls Mare Orientale on the Moon, but is 
somewhat larger (1300 km diameter). It is older than most of the smooth 
plains deposits [39]. 

By analogy with the Moon, the heavily cratered terrain is dated as earlier 
than about 4.0 aeons. Crater counting techniques (Chapter 3) give best 
estimates of 3.8 aeons for the Caloris basin and 3.9-4.1 aeons for the heavily 
cratered south polar uplands. These ages provide evidence that the massive 
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2.18 Lunar pitted plains north- 
east of the crater Mutus (78-km 
diameter), which is the large 
crater enclosing three smaller 
craters in the southwest corner 
(NASA Orbiter IV 82 H3). 

2.19 Heavily cratered surface on Mercury, with a 2-km high scarp. Width of picture 
is 500 km (P75-61 JPL 654). 
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2.20 Mariner 10photograph of the northern limb of Mercury showing a prominent 
east facing scarp, extending from the limb near the center of the photograph south- 
wards for hundreds of kilometers. The linear dimension along the bottom of the 
photograph is 580 km. The picture was taken at a distance of 77,800km from Mercury 
(NASA Photograph P.75-61-JPL-654-5-75). 

cratering episodes recorded on the Mercurian surface persisted for several 
hundred million years following accretion of the planet as is the case for the 
Moon. 

2.5.3 Smooth Plains 

The smooth plains (Fig. 2.17) have been discussed earlier. They are 
younger than the heavily cratered terrain, and closely resemble the Cayley 
plains on the Moon. Their large area comprises the best evidence for a 
volcanic origin, as well as the apparent lack of source basins for an origin as 
basin ejecta. All the arguments recall the controversy over the Cayley Forma- 
tion and only future missions can resolve these questions. 

2.5.4 Lobate Scarps 

Lobate scarps (Fig. 2.20) are unique to Mercury. They vary in length 
from 20 to 500 km and in height from a few hundred meters to  about three 
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2.21 Geological sketch map of Mars [47]. Lambert equal-area base. Polar units 
include pi (permanent ice), Id (layered deposits), and ep (etched plains). Volcanic 
units include u (volcanic constructs), pu (volcanic plains), p m  (moderately cratered 
plains), and pc (cratered plains). Modified units include hc (hummocky terrain, 

kilometers. They are reverse thrust faults, formed due to  compressive stresses, 
and appear to have a rather uniform distribution over the photographed 
portion of the planet. The decrease in estimates of the surface area associated 
with these scarps ranges from about 6 X lo4 to 13 X lo4 km2, which 
corresponds to a decrease in Mercurian radius by about 1-2 km [40, 411. 

The lobate scarps appear to have formed relatively early in Mercurian 
history. They occur mainly on the intercrater plains and on the older parts of 
the heavily cratered terrain. They are demonstrably of tectonic origin and 
none require a volcanic explanation (e.g., as flow fronts [42]). 
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chaotic), hf (hummocky terrain, fretted), hk (hummocky terrain, knobby), c (channel 
deposits), p (plains, undivided), and g (grooved terrain). Ancient units include cu 
(cratered terrain, undivided) and m (mountainous terrain). 

The origin of the lobate scarps is most generally ascribed to contraction 
of the 600-km-thick silicate mantle around a cooling and shrinking iron core. 
A suggested origin by tidal despinning [42] has not been supported by other 
workers [43]. From the analogy of the heavily cratered terrain with that of the 
lunar highland surface, the scarps must have formed prior to 4.0 aeons and 
hence preserve a record that the radius of Mercury is essentially unchanged for 
that immense period of time. The wider significance is that the lack of evidence 
for any expansion on Mercury (and the Moon) places serious limits on models 
both for Earth expansion and variation in G with time [44]. 
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Another unique feature of the Mercurian surface is the hilly and lineated 
terrain, antipodal to the Caloris basin. It is suggested that this is due to seismic 
shaking [45], but it may be due to intersecting crater chains formed by basin 
ejecta [46]. The lineated terrain, reminiscent of the Imbrium sculpture on the 
Moon, consists of lines of hills and valleys up to 200-300 km long and is 
probably formed in the same manner. 

2.6 Mars 

The principal distinction between Mars, and the Moon and Mercury, is 
the presence of a tenuous atmosphere, abundant evidence of volcanic activity, 
and the action of wind and water on the surface. Photographic coverage is 
now good: 20%of the planet is covered at 50 meter resolution, 80%at 200 
meter resolution and 100%at I km resolution. 

Extensive accounts of the geology of Mars have appeared in many 
sources and it is not possible to provide more than a brief summary of the 
salient points of Martian geology in this section. Those readers who wish for a 

2.22 The Arygre Basin on 
Mars showing old heavily cra- 
teredterrain (NASA S.76-27774). 
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fuller treatment should consult The Geology of Mars [47], The Surface of 
Mars [48], the Viking Mission Report [49] and the Proceedings of the Second 
and Third Mars Colloquia [SO]. 

The Martian surface is divided into several differing geological prov- 
inces, described below (Fig. 2.21). Discussion of some aspects of Martian 
impact cratering appears in Chapter 3, while comments on surface features 
appear in Chapter 4 on planetary surfaces. 

2.6.1 The Ancient Cratered Terrain 

There is a major subdivision inclined at about 28" to the equator (Fig. 
2.21). To the north of this boundary are plains and volcanic ridges. To the 
south lies the oldest exposed surface on Mars, containing a large number of 
craters, typically in the size range 20- 100 km diameter, with generally smooth 
floors. Intercrater plains are common. The craters are extensively degraded. 

Three large impact basins have been recognized on Mars. The largest is 
Hellas (42"S, 293" W), 2000 X 1500 km, surrounded by an irregular moun- 
tainous rim which extends from 50 to 400 km in width. Argyre is the freshest 
multi-ring basin, 900 km diameter, surrounded by a mountainous rim extend- 
ing out to 1400 km diameter. The center of the basin is at 50°S, 43" W (Fig. 
2.22). Possibly four or five rings are present [SI]. The third large basin is Isidis, 
about 1 100 km in diameter, with an additional 300 km wide mountainous rim. 
About twenty smaller two-ring basins have been recognized [Sl]. The moun- 
tainous rims are interpreted as the degraded remnants of uplifted rim mate- 
rial, basin ejecta, mountain rings, etc., but most of the primary features have 
apparently been destroyed. 

This cratered terrain occupies about one-half the planet. The best esti- 
mate for its age is 4.1 aeons (range 4.0-4.3) [52]. Many effects have contrib- 
uted to the degradation of craters and basins on Mars. These include wind 
erosion, impacts, volcanic mantling, water erosion and thermal effects due to 
daily temperature differences of 130" C. 

2.6.2 Volcanic Plains and Mountains 

Extensive plains units lie to  the north of the boundary. These are gener- 
ally interpreted to  be of volcanic origin. The chief evidence for this is the 
presence of lobate scarps, which are probably flow fronts. Although these 
plains are often compared to the lunar maria, there are many distinctions. The 
Martian plains are light, not dark, and they are comparatively high-standing 
(perhaps equivalent to the terrestrial continental flood basalts). Volcanic 
constructs are frequent, while they are rare on the lunar maria. Several 
divisions may be made, based on the relative crater ages. Thus, while the old 
heavily cratered terrain is dated at about 4.0aeons, the densely cratered plains 
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(examples include Lunae Planum, Tempe Fossae and Syrtis Major Planitia) 
range in age from 3.6to 3.2aeons (overlapping with the lunar maria ages) [52]. 
The moderately cratered plains do not appear to have flow fronts. Younger 
plains (e.g., Tharsis) have ages ranging from about 1.6down to 0.3 aeons [52]. 

Volcanic constructional activity appears to have been of equally long 
duration on Mars. Thus, the Tyrrhena Patera volcanoes, in Hesperium 
Planum, are dated at 3.1 aeons, the Elysium volcanics at 1.9 aeons, the three 
shield volcanoes of Ascraeus Mons, Pavonis Mons and Arsia Mons at about 
1.7 aeons, while Olympus Mons is dated at about 300 million years (range 
100-700 million years) [52]. Olympus Mons is 550 km across and rises 21 km 
above its base [53]. The central caldera is 70 km in diameter. In contrast, the 
total volume of the island of Hawaii, made up of several shield volcanoes, is 
only 10% of that of Olympus Mons (Fig. 2.23). 

The three large shields of Ascraeus Mons, Pavonis Mons and Arsia Mons 
are about 350-450 km across, and stand about 18 km above the Tharsis 
Plains. In addition to the Tharsis region, Elysium is a prominent volcanic 
area, with Elysium Mons forming a large shield volcano, 170 km in diameter, 
14 km high with a single central caldera 12 km in diameter. Other positive 
relief features of probable volcanic origin are called paterae (inverted saucer 
shape) and tholii (domes). Alba Patera is of enormous size (1500-2000 km in 
diameter) but only 3 km high (Fig. 2.24). The flanks slope at fractions of a 
degree. A complex caldera 150 km across occupies the center, surrounded by 
long radial ridges which may be lava tubes, up to 350 km long. The chief 

2.23a A view of Olympus Monsextending from the summit caldera to the 4 km high 
scarp at its base. Note that the scarp is covered by later lava flows at the bottom of the 
picture (641A52 JPL). 
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2.23b Aclose-up view of the complex caldera of Olympus Mons, 70 km across. Two 
impact craters are superimposed on the flanks of the volcano (890A68 JPL). 

interest in Alba Patera is that the lava flows, although resembling terrestrial 
lava flows in morphology, are about ten times larger. From the morphology, 
they appear to be basaltic. Presumably, extremely rapid effusion of lava is the 
probable basic cause of this extraordinary landform. Clearly the components 
of the lavas, viscosity, flow rates, yield strengths, and the surface conditions 
on Mars are all important parameters. Although some progress can be made 
from photogeology, remote sensing and from landers, only a sample return to 
Earth will produce definitive answers to these many Martian questions. 

The same situation holds with the plains units on Mars. These comprise 
60%of the surface of the planet. The origin of these plains provides many 
puzzles. As noted earlier, those with lobate flow fronts, or those clearly linked 
to volcanoes, are volcanic in origin. Many plains probably have a thin veneer 
of wind-blown sediment. The old plains units (cratered plateau plains), which 
occupy most ofthe southern hemisphere, are the most ancient plains on Mars, 
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2.24 Alba Patera, the largest volcano in areal extent on Mars, is only 3 km high a t  its 
summit. The caldera complex at  the center is 150km in diameter. Numerous north- 
south trending grabens cut the volcanic edifice and form a fracture ring 600 km in 
diameter around the summit. (USGS shaded relief Map 1-963.) 

and their origin as volcanic units is as uncertain as that of the intercrater plains 
on Mercury. The flat floors of the major impact basins Hellas, Argyre and 
Isidis have wrinkle ridges and some flow fronts. They may be analogous to 
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mare basin fill on the Moon. Areas such as Lunae Planum, Syria Planum, 
Sinai Planum and Hesperia Planum contain flow fronts and therefore are 
probably volcanic. Other plains, associated with central volcanoes, (e.g., NE 
of Olympus Mons) clearly seem to be of volcanic origin. The widespread 
plains in northern latitudes are again more enigmatic. They may be lava plains 
covered with wind-blown sediment as appears to be the case at the Viking 2 
site on Utopia Planitia. The Viking 1 site in Chryse Planitia appears to be 
more complex, with lava emplacement, mantling with wind-blown sediment, 
and erosion. Primary evidence for volcanic origins for these northern plains 
appears to be lacking and they may have been much modified by past 
glaciations. The vesicular rocks observed at the landing sites appear to be 
volcanic and the chemical analyses suggest basaltic-style parents for the fine 
material obtained by the sample scoop. The analytical data are presented in 
Table 6.13 and some petrological implications are discussed in Section 6.8. 
The picture remains tantalizing and elusive. Most of the analogies used in 
interpreting the photogeological evidence are from the Moon. The Moon, 
however, is very different from Mars. Mars has an atmosphere and shows 
evidence of past water erosion, which provides the most reasonable mecha- 
nism for the formation of the famous channels early in martian history 
(although ice, wind and lavas have all been suggested as possible mechanisms). 
Mars also shows evidence of wind erosion, a bulk density different from that 
of the Moon, and differing volcanic styles, etc. The relative ages for Martian 
features employed here are based on those in Basaltic Volcanism on the 
Terrestrial Planets [52]. A differing interpretation of the Martian cratering 
statistics [54] leads to the view that most of the surface features on Mars are 
ancient (pre-3.5 aeons) with only the large Tharsis shield volcanoes being 
active at younger ages [54]. This debate recalls the controversies over lunar 
ages before the Apollo missions. Only returned samples will satisfy our 
curiosity (Fig. 4.4). 

2.7 Venus 

The surface of Venus covers an area larger than the combined areas of 
Mars, Mercury and the Moon. Accordingly, it occupies an important position 
for our understanding of planetary surfaces. Mapping through the cloud 
cover by radar altimetry on Pioneer Venus Orbiter has covered 93% of the 
planet to  a vertical accuracy of 200 m [55,56]. About 60%of the surface is very 
flat, within 500 m of the average lowland elevation. Only about 5% of the 
surface of Venus is elevated above 2 km (Fig. 2.25). 

There are two large continental areas which compare in size to  Australia 
and Antarctica. The largest is Aphrodite Terra which is located near the 
equator and is elevated between 2 and 5 km. The other, Ishtar Terra, is located 
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between 50" and 80°N latitude and contains the Maxwell Mountains which 
rise to  a height of 11 km. Two large isolated mountains, possibly shield 
volcanoes, occur at 25" N and 25" Slatitude. The largest is 6 km high and 1000 
km across. It has nearly the same volume as Olympus Mons, although it is not 
so high. 

The topography on Venus is thus distinct from that on Earth, but few 
conclusions can be drawn at present. The horizontal resolution of the Pioneer 
Venus radar is about 100 km. One is reminded that Earth-based telescopic 
views of Mars have about that resolution. There appear to  be some large 
valleys and possibly the relics of old impact craters. The presence or absence of 
an old cratered terrain on Venus is a necessary piece of information for 
evolutionary models of Venus. Further data are needed to avoid developing 
the Martian Canal Syndrome (see Sections 5.13, 6.7). 

2.8 Gallilean and Saturnian Satellites 

A list of these satellites along with their basic properties of radii, densi- 
ties, etc., is given in Table 7.1, and various features are discussed in the chap- 
ters on cratering, volcanism and planetary crusts. An order of magnitude increase 
in our knowledge of these objects has occurred within the past two years with 
the Voyager missions. These have provided evidence of planetary expansion 
on Ganymede, sulfur volcanism on 10, ice tectonics on Europa, and cratering 
on Ganymede, Callisto, Mimas, Dione, Tethys, Rhea and others. The basic 
references for the Jovian satellites are given in references 57-59 and for the 
Saturnian satellites in reference 60. 
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