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ABSTRACT 

Anomalies in the local gravity field arise from lateral density 

variations within a planetary body. Hence, a consideration of the 

nature of these anomalies can be used to infer the subsurface structure 

and, from this, possibly constrain and characterize the processes 

which formed these features. Such a consideration is given here to 

the local gravity anomalies on the Moon. 

The lunar n~ee-a.bt gravity data consist of the line-of-sight 

(i.e., Earth-to-spacecraft) component of the accelerations undergone 

by a spacecraft in a low lunar orbit. In this analysis the acceleration 

or gravity profiles across a feature of interest are corrected for 

the topographic contribution of the lunar surface to the local gravity 

field to obtain the Bougu~ gravity profiles. The availability of 

lunar features for this analysis is mainly constrained by the nearside 

areal coverage of low altitude orbiting lunar spacecraft. 

A total of twenty-one features are analyzed here of which all 

but two are of impact origin; these two exceptions are probable 

sites for intrusive and extrusive igneous activity on the Moon. The 

impact features have been divided into two major groups on the basis of 

age with the older group further subdivided into relatively unfilled 

craters and very shallow craters and also including a small multiringed 

basin. 

The young lunar craters, which range in diameter from 32 to 135 

kilometers, have negative Bouguer gravity anomalies (i.e., mass 
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deficiencies or low density regions) associated with them. Presumably, 

these low density regions represent material brecciated and crushed 

by the impact events which formed these craters. Calculations reveal 

a systematic variation in the magnitude of the total mass deficiency 

with increasing crater size and a comparison of lunar and terrestrial 

impact features shows that the magnitude of this mass deficiency is 

proportional to the cube of the crater diameter. Furthermore, studies 

of terrestrial impact structures indicate that the major contribution 

to these negative Bouguer anomalies is most likely due to a large lens 

of low density material extending laterally to approximately the 

crater rim cres t and vertically to a depth of roughly one-third the 

rim diameter. Also based on studies of many terrestrial impact 

features, the maximum depth of the transient cavity associated with 

these lunar craters, as inferred from the apparent vertical extent of 

brecciation, was roughly one-fourth the crater rim diameter. This depth 

possibly also corresponded to the maximum depth of excavation of at 

least a small amount of the lunar crust by these impact events. 

In all but one case, the old unfilled lunar craters have distinctly 

different Bouguer anomalies from the young lunar craters. With the 

exception of the crater Piccolomini which follows the trend for the 

younger craters, all of the remaining unfilled old lunar craters have, 

within the uncertainties of this analysis, zero Bouguer anomalies. The 

cause for this change in the value of the Bouguer gravity is, of course, 

expected to be related to the greater age and more modified appearance 

of these craters. A likely possibility is that the porosity initially 
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produced by the impact events which formed these older craters has been 

removed by the intrusion of igneous material, roughly contemporaneous 

with the emplacement on the surface of the lunar mare basalts. A 

second possibility is that the original porosity has been removed by 

compaction of the lunar crust during the seismic shaking which accom

panied the formation of the last lunar multiringed basins, however, it 

is difficult to evaluate this mechanism since the efficiency at this 

scale is unknown. 

The two shallow lunar craters for which it is possible to determine 

the Bouguer gravity have slight negative anomalies. These particular 

craters are also filled by light plains units which have been inter

preted to be ejecta from later multiringed basin impacts. These 

slight negative anomalies are probably due to the higher porosity of 

the basin ejecta which now almost completely fills these craters. 

The Bouguer gravity of a small multiringed basin, Grimaldi, has 

also been determined. Spacecraft free-air gravity data reveal a 

mascon associated with the inner ring of this structure. The topo

graphic correction to the local gravity field indicates a maximum 

Bouguer anomaly of +90 milligals at an altitude of 70 kilometers. 

Approximately 20% of this positive Bouguer anomaly can be accounted 

for by the mare material lying within the inner ring. It is proposed, 

from a consideration of the Bouguer gravity over large lunar craters 

comparable in size to Grimaldi, that the remaining positive anomaly 

is due to a plug of high density lunar mantle material centrally 

uplifted by the inward collapse of material which resulted in the 
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formation of the concentric outer scarp. In addition, a ring of 

low density material, possibly ejecta deposited by the formation of 

Grimaldi, is required to fully reproduce the Bouguer gravity signature 

across this basin. A similar structure to the one described here for 

Grimaldi has been previously proposed for the Orientale Basin. 

The two non-impact features, Lamont and Marius Hills, have positive 

Bouguer anomalies. Since these are probable sites for extrusive 

igneous activity, that is, possible source areas for the surrounding 

mare material, these positive gravity anomalies are interpreted to be 

the result of intrusive activity within the lunar crust, much more 

intensive activity than the intrusion of material proposed beneath 

the old lunar craters also analyzed here. At Lamont, located in 

western Tranquillitatis, the mare ridge pattern and local topography 

suggest a general subsidence of this region. The gravity data indicate 

that the density anomaly extends beyond the inner circular ring of 

mare ridges which define the Lamont feature. The occurrence of a 

magnetic high at Lamont further supports the presence of a major 

intrusive body probably emplaced early in lunar history. Several 

other local gravity or magnetic highs in the lunar mare are also 

interpreted as the result of intrusive activity. At Marius Hills, 

an isolated plateau in Oceanus Procellarum, the positive Bouguer 

anomaly is much smaller than at Lamont and is localized in the 

northeast corner of the plateau. 
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The Moon is a harsh mistress. 
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CHAPTER I 

INTRODUCTION 

A great deal of theory, experimental work and conjecture has 

been brought to bear on the problem of the formation and evolution of 

lunar impact craters. The unraveling of partial solutions to this 

problem is important since these solutions will lead to a better 

understanding of the impact process and to a better characteriza-

tion of the crustal processes operating to modify the original crater 

form. Studies of lunar craters have been primarily confined to an 

interpretation of the surficial geology based on lunar orbital photog-

raphy and to inferences drawn from analogies with terrestrial impact 

structures and experimentally produced impact and explosion craters. 

These studies have been invaluable in characterizing the impact 

process and in delineating the stratigraphic record of the lunar 

surface, and, also, in formulating ideas and concepts to account for 

transitions in crater morphology with increasing crater diameter and 

increasing crater age. To some extent the detailed photographic 

coverage of the lunar surface by orbiting spacecraft and the results 

from the Apollo landings have enabled lunar scientists to eliminate 

some hypotheses initially proposed from solely Earth-based observations 

to account for the present lunar landscape. However, many ambiguities 

remain. Some of these ambiguities cannot be further resolved without 

resorting to additional constraints imposed by other data types. 

With this purpose in mind, a comprehensive study of the gravity 

anomalies associated with lunar craters is presented in an effort to 



2 

further constrain their structures, and, by inference from these 

results, to characterize their mode of formation and evolution. 

Several investigators have previously used this method to study 

lunar craters (Gottlieb et al., 1970; Sjogren et al., 1972a; 1974a). 

The present work deals with a more careful examination of the lunar 

gravity and topographic data than previously given and will present 

results of a more quantitative nature and for a larger number of lunar 

features than reported by earlier investigators. 

The lunar gravity values are the line-of-sight accelerations 

derived by differentiating with respect to time the measured Doppler 

shift residual in the Earth-based navigational tracking of a spacecraft 

in a low lunar orbit. This analysis considers several profiles of 

the local accelerations undergone by a spacecraft as it passes over 

a feature of interest. These accelerations are termed the 6~ee-a,,0r_ 

gravity and are due to the combined gravitational effects of surface 

topography and lateral density variations within the Moon. 

This technique of deriving lunar gravity values from measured 

variations in spacecraft velocity has been used for many years starting 

with an analysis of the Lunar Orbiter spacecraft series which first 

revealed the association of positive free-air gravity anomalies (called 

mascons) with mare-filled multiringed lunar basins (Muller and Sjogren, 

1968). The later Apollo missions contributed to the coverage and 

resolution of lunar gravity data, especially in making available low 

altitude orbital passes which resolved many individual lunar features. 
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The free-air gravity maps which resulted from each mission have been 

published as a series of papers and are listed in Table I for 

reference. 

Mission constraints on Apollo spacecraft orbital geometry and 

altitude limited the availability of lunar features for this analysis 

to the lunar equatorial region and a portion of the eastern limb. 

Excluding the major basins, a total of twenty-one lunar features, for 

which there exists adequate topography, are identified here with 

observed free-air gravity anomalies. These features are listed 

alphabetically in Table II along with the diameter and the crater 

rim-to-floor depth, the stratigraphic age of each feature, and the 

location on the lunar surface. Also given in Table II are the orbits 

which were determined to be of sufficient quality for use in this 

analysis, the approximate spacecraft altitude over each feature, 

and the chapter in which each feature is discussed. The remaining 

orbital coverage was either repetitive of the coverage already 

provided or was deemed unsuitable for this analysis due to data gaps 

in or poor determinations of the accelerations from the Doppler data. 

The small spatial scale of most of the lunar gravity anomalies 

discussed here requires that the density variations giving rise to 

these anomalies reside within the lunar crust. The topographic 

contribution to each gravity profile has been determined and removed 

by an orbit simulation procedure which takes into account the 

peculiarities in deriving the lunar gravity values. The remaining 
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TABLE I 

FREE-AIR GRAVITY MAPS OF THE MOON 

Lunar Mission Reference 

Lunar Orbiter V Muller and Sjogren, 1968 

Apollo 12 LEM (descent) Gottlieb et al., 1970 

Apollo 14 CSM Sjogren et al., 1972 a 

Apollo 15 CSM Muller et al., 1974 

Apollo 15 subsatellite Sjogren et al.' 1974a 

Apollo 16 CSM Sjogren et al.' 1974b 

Apollo 16 subsatellite Sjogren et al.' 1974a 

Apollo 17 CSM Sjogren et al.' 1974c 
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gravity anomaly, due solely to lateral density variations within the 

crust, is termed the Bougue~ anomaly. 

The interpretation of these lunar Bouguer gravity anomalies 

is complicated by differences in spacecraft altitude and areal 

coverage over each particular feature. These differences are accounted 

for by use of an orbit simulation procedure, identical to that used 

in the determination of the Bouguer gravity, which allows a net mass 

deficiency or excess to be related to each Bouguer anomaly, independent, 

within the uncertainties of this analysis, of assumptions about the 

density structure. 

The nature of the density anomalies responsible for variations 

in the Bouguer gravity is expected to vary systematically with both 

the size and the age of the crater. The strategy adopted to reveal 

these variations is to first understand the nature of the gravity 

anomalies associated with the youngest lunar craters and then to apply 

these results to older, more degraded craters which have been subjected 

to a wider variety of processes. Young lunar craters are those which, 

within a given size range, exhibit the least amount of post-impact 

modification. In terms of lunar stratigraphy,these lunar craters belong 

to either the Copernican or Eratosthenian systems. It is assumed that 

all lunar craters of any given diameter range had the same original 

crater form as the young craters, however, simply because of their greater 

age, the older lunar craters have also been subjected to additional 

processes which either are not now operating or have had insufficient 

time to modify the younger craters. 
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The older group of lunar craters, Imbrian and pre-Imbrian in age, 

have been divided into two groups. The relatively unfilled old 

craters are those which have depth/diameter ratios similar to the 

ratios of the young lunar craters of the same diameter range, i.e., 

crater depths of several kilometers. In the second group are shallow 

craters whose original crater bowls have been almost completely filled, 

leaving only the rim of the crater visible. A small multiringed 

basin, Grimaldi, is also included in this work as it is the only 

lunar basin for which adequate topographic maps are available to 

compute the Bouguer gravity and as Grimaldi is comparable in size to 

several of the lunar craters also considered here. This small basin 

represents a transition in form between the smaller impacts which 

produced the flat-floored lunar craters and the larger impacts which 

resulted in the formation of multiple ring basins. 

The Bouguer gravity of two non-impact related features, Lamont 

and Marius Hills, two probable sites for intrusive and extrusive 

igneous activity on the Moon, have also been determined. The major 

spatial extent of the intrusive activity associated with these. features 

can be constrained by the gravity data which can then be related 

to the style and history of surface volcanism at each site. 

The intent of this work will be to determine the nature and 

spatial extent of the anomalous mass or density regions and their 

variation with crater size and crater age and to discuss the 

implications that these results have in terms of characterizing the 

process of impact on a planetary surface and of characterizing those 
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processes acting on the lunar crust to modify these features. To begin, 

a summary of current studies of the subsurface structure of terrestrial 

impact features will be given as a guide to the interpretation of the 

lunar impact craters. Special emphasis will be placed here on under

standing the nature of the anomalous mass con~onents giving rise to 

the gravity anomalies associated with these terrestrial features. 

Next will be a description of the lunar gravity and topographic data 

and of the procedure used in determining and modeling the Bouguer 

gravity, outlining the biases and errors introduced by this analysis. 

In turn, the young, the old unfilled, and the shallow lunar craters 

will be presented and the probable nature of the Bouguer anomalies 

associated with these features and the possible causes for systematic 

changes in the mass anomaly with increasing crater diameter and 

increasing crater age will be discussed. The structure of Grimaldi 

will be presented next along with a discussion which will view 

the result for Grimaldi in terms of the earlier results determined 

for other large lunar craters which did not result i.n the formation 

of a multiringed structure. The extent of postulated intrusions 

associated with Lamont and Marius Hills, as determined from the gravity 

data, will follow and will be compared with the style of volcanism 

suggested by the different surface morphology at each site. The final 

chapter will place the study of lunar gravity anomalies in context with 

the results of other lunar research, exploring possible implications 

this work has for the formation and evolution of these lunar features 

and for the style of igneous activity in the lunar crust. 
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CHAPTER II 

TERRESTRIAL IMPACT STRUCTURES 

The recognition of impact cratering as an ongoing geologic process 

on the surface of the Earth and the idencification of the resultant 

structures was one of the major advances in the geological sciences 

during the past several decades. It is probably no coincidence that 

this recognition occurred during the years irrnnediately preceding the 

detailed geologic study of the Moon. In this chapter, 

the structure of these impact features will be summarized with particu~ 

lar emphases on the nature of the gravity anomalies associated with 

these features and on variations in their basic structure with 

increasing size. 

The presence of iron-nickel meteoritic material or the identifica

tion of the products of shock metamorphism is considered by most to 

be definitive evidence for the presence of a hypervelocity impact 

structure (e.g., Dence et al., 1977) since no other known geologic 

process is capable of accounting for the presence of the iron-nickel 

material or of generating pressures sufficiently high to account for 

the presence of the products of shock metamorphism (French, 1968). 

Such products include the occurrence of high pressure mineral phases 

such as coesite or stishovite ( > 20 kbars, Stoffler, 1971a), the 

microscopic disruption of individual mineral grains (e.g., Bunch, 1968), 

or the morphologic features known as shatter cones described by Dietz 

(1968). Other characteristics which may suggest the occurrence of 
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an impact structure and, hence, induce the search for one of the above 

presumably definitive indicators, include an approximately circular 

structure, concentric faulting and folding, and the presence of a 

lens-shaped brecciated region suggested by the surface geology or by 

geophysical measurements revealing a negative gravity anomaly, a 

subdued magnetic anomaly, or anomalously low seismic velocities. 

At present, some sixty sites on the Earth have been identified, 

on the basis of the occurrence of meteorite material or of the products 

of shock metamorphism, to be probable locations for impact structures 

varying from a fraction of a meter to 100 kilometers in diameter. 

Another 120 sites are possible locations for features of impact origin 

based on the identification of several of the other characteristics 

mentioned above (see Classen, 1977). 

Basic to the identification and understanding of impact features 

is the concept of progressive shock metamorphism. For referral, this 

concept has been discussed in more detail than presented here by 

Steffler (1971b) and in reference to Meteor Crater by Kieffer (1971), 

West Hawk Lake by Short (1970), and Ries Basin by Dennis (1971). 

Briefly, the impact velocity of a cosmic body onto a planetary surface 

is on the order of the planetary orbital velocity(~ 10 kQ/sec) which 

is sufficient to generate peak pressures in the megabar range. These 

pressures far exceed the crushing strength of rocks ( ~ kilobars) 

so that during the initial stage of impact a region of the target 

material will behave hydrodynamically. Shock waves will be produced 
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within both the target and the projectile resulting in almost 

comple te melting and vaporization of the latter. Within the target 

material the strength or peak pressure of the shock wave will be 

reduced as it propagates away from the penetrating meteorite owing to 

geometric spreading of the wave front and to attenuation within the 

target medium by irreversible processes, such ~s heating and connninution. 

Subsequent release of this high pressure to the ambient value will 

be accomplished by rarefaction or expansion waves following the passage 

of the shock wave. The most intensely shocked target material will be 

melted with a small amount vaporized. Intermixed with and concentric 

to this melt will be severely crushed and brecciated rock which has 

undergone large permanent strains and beyond this will be a region of 

unmixed fractured material grading into undisturbed country rock. 

Localized variations on this general theme of progressive shock 

metamorphism of material which remained within the crater will be due 

to inhomogeneities of the target material. 

Ejected material deposited within and around the crater will not 

follow this simplified picture of a concentric, outwardly decreasing, 

peak shock history. A change in the intensity and form of the shock 

and rarefaction waves due to the presence of the stress-free surface 

alters the flow pattern from a radial and downward pattern deep within the 

crater to an upward and outward movement near the surface. Hence, 

the mode of transport and degree of mixing of the ejected material is 

different from the bulk of the crushed material which remained in the 

crater bowl. 
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These distinctions, based on the shock history and the mode of 

transport or the flow pattern and the final deposition of material, 

can be used to identify various components comprising the overall 

structure of a crater produced by impact. These components will be 

discussed later in this chapter as they pertain to evaluating the 

relative contribution of each component to the negative gravity 

anomalies associated with most terrestrial impact craters. 

A major structural change has been recognized in terrestrial impact 

features with increasing size. The smaller features, termed simple 

craters by Dence (1965), are bowl-shaped often with raised rims and 

depth/diameter ratios in the range of 1/6 to 1/5 (Pike, 1974). 

Examples of this type of structure are Meteor Crater (1.2 km diam), 

Lonar Lake (1.8 km), and Brent Crater (3.5 km). Most terrestrial impact 

features belong to the class of larger diameter structures termed 

complex by Dence (1965). The greater abundance of this complex 

type is probably due to their larger size which favors the preservation 

and easier identification of the feature. These complex craters 

have a shallower depth/diameter ratio than that for simple craters 

and are usually characterized by a broad central uplift surrounded by 

a peripheral depression or trough and possibly a slightly raised 

rim. Some of the larger features of this class may be analogous 

to the multiringed basins on the Moon. Examples of these complex 

structures are the Steinheim (3.4 km diam) and Ries (22 km) Basins 

and the Flynn Creek (3.8 km) and Manicouagan (65 km) Structures. 
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Further subdivisions within each of these two categories have been 

presented by Krinov (1963) and Dence (1965). The transitional 

diameter, which is probably a gradual one, from a simple to a complex 

impact structure on the Earth is from two to four kilometers, dependent 

on the impact parameters, the nature of the meteorite and its impact 

velocity and angle, and on the characteristics of the target medium, 

its strength and inhomogeneities, especially important is the vertical 

stratification of the target medium. 

Listed in Table III~ in order of increasing diameter, are 

terres.trial features which have been determined to he the pr,oba,hle 

result of impact and whose subsurface structures have heen at least 

partially examined by geophysical techniques and drill holes.. For fiye 

features in Table III (Temimchat Ghallaman, Pretoria Salt Pan, 

Versailles, Jeptha Knob, and Skeleton Lake) an impact origin is strqngly 

suggested, though has not been confirmed by the identification of one 

of the definitive indicators of impact origin. Only the results 

of gravimetry and drilling are summarized in Table III though magnetic 

and seismic surveys have also been conducted over many of these same 

features. These various geophysical techniques will detect different 

aspects of an impact structure, and, as such, are of greatest use 

when the results of all techniques are available. Unfortunately, this 

is the case for only a few of the structures listed in Table III and 

thus it is these features which are most relied upon to give a 

representative picture of the structure which results from impact 

cratering. 
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Magnetic surveys show an absence of magnetic anomalies and 

gradients associated with many of these features, especially with simple 

impact craters such as Meteor Crater (Regan and Hinze, 1975) which 

formed in sedimentary rocks and Brent Crater (Beals et al., 1963) 

which formed in crystalline rocks. This lack of magnetic anomalies is 

consistent with the notion that the metallic projectiles which formed 

at least some of these features were completely melted or vaporized 

during the impact and do not presently exist as major bodies buried 

beneath the surface. Furthermore, pre-existing regional magnetic 

trends are disrupted by these features, the result of the brecciation 

and movement of material by the impact with the major region of 

disturbance confined within the crater rim. Small scale magnetic 

anomalies have been detected over the central uplift of some complex 

craters and interpreted to be due to impact melt layers (Ries Basin, 

Pohl et al., 1977) and to impact-generated magnetization of under

lying crystalline rock units (Manicouagan, Coles and Clark, 1978). 

Seismic surveys constrain the outward extent of the fractured 

rock and, when a sufficiently detailed survey is available, also depict 

progressively decreasing variations in shock effects away from the 

crater, such as at Meteor Crater (Ackermann et al., 1975) and Deep Bay 

(Sander et al., 1964). As expected, low seismic velocities are 

associated with these impact features, the result of the comminution 

and fracturing of the rock by the large strains produced during the 

passage of the shock and the rarefaction waves. The values of 

these anomalously low seismic velocities, relative to the value for 
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an undisturbed sample, are not a direct function of the porosity but 

of the crack density (Walsh, 1965). This low seismic velocity 

region extends vertically a crater radius below the crater floor. 

Regions of anomalous density are mapped out by measurements of 

the variation in gravity across the feature. The values of the 

Bouguer gravity anomalies over the center of several terrestrial 

impact features are given in Table III. In most cases the sign of 

this anomaly is negative indicating a predominantly low density 

region associated with these features. These low density regions 

are attributed to an increase in porosity of the shocked and brecciated 

target material and to later low density sedimentary units deposited 

within the crater bowl. 

For most impact features, especially simple craters, the gravity 

contours are concentric with the structure and lead to a minimum in 

the center of the structure, such as at Meteor Crater (Regan and Hinze, 

1975) and Ries Basin (see Dennis, 1971). For some complex craters, 

such as Wells Creek (Stearns et al., 1968) and Manicouagan (Sweeney, 

1978), there is a gravity low associated with the peripheral trough and 

a central high region superposed on this, reaching to approximately 

the background gravity level, roughly coincident with the lateral 

extent of the broad central uplifts of these features. Other 

greatly eroded structures often have concentric gravity contours with 

many superposed small scale anomalies within the crater corresponding to 
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the relative displacement of different lithologic units uplifted by 

the impact, such as at Gasses Bluff (Milton et al., 1972). 

Notable positive Bouguer anomalie s are associated with the Jeptha 

Knob and Sudbury Structures. In the former case, this positive 

anomaly is the result of the dolomitization of the crushed region 

(Seeger, 1968). For the Sudbury Basin the complexity of the small 

scale gravity anomalies which exist within this structure is due to 

the post-impact emplacement of a nickel irruptive and to the occurrence 

of volcanic and sedimentary surficial rock formations (Popelar, 1972). 

A variety of geological processes have acted to varying degrees 

to modify the remaining craters listed in Table III. In all cases, 

the material which comprised the original rim has been partially or 

totally removed and sedimentary deposits have accumulated within the 

crater bowl. Processes have also acted in some cases on a regional 

scale to lower the original pre-impact level leaving a deeply eroded 

structure, such as at Sierra Madera and Crooked Creek (Shoemaker and 

Eggleton, 1961), in which only the lower portions of the structure 

are still present. All of these post-impact processes will act to 

alter the magnitude and, in some cases, change the sign of the 

Bouguer anomaly. Attempts to apply corrections to the present 

Bouguer anomalies to determine initial values are futile since, in 

all but a few cases, the present structure is incompletely known and 

the restoration to a presumed pristine state is model dependent. It 

is, however, noteworthy that most of the modifying processes will act 

to decrease the magnitude of the original negative Bouguer gravity 
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anomaly by removal of the raised rim or by the deposition of 

precipitates by the percolation of groundwater. An exception will be 

the accumulation of low density sedimentary units which may contribute 

up to one-half the present value of the negative Bouguer anomalies. 

However, this depositional process will act to approximately counter 

the effect on the gravity anomaly of the removal of the rim material, 

Gross generalizations about the variation of the magnitude of 

the mass anomaly with increasing crater size can be made when 

complete areal gravity surveys are available. The total mass anomaly, 

6M, is related to the observed gravity field through Gauss' theorem 

(Innes, 1961). 

6M = 2~G f gdA = 2~G LgiAi (1) 

The determination of this quantity is independent of assumptions 

regarding the density structure. However, an uncertainty in 6M is 

incurred in this summation since it is necessary to extract the 

localized gravity field associated with the feature of interest from 

the background regional field. Standard procedures which exist for 

performing this removal will determine 6M to ten percent (Innes, 1961). 

Values of 6M for most of the craters listed in Table III were estimated 

by graphically performing the above summation, either by the quoted 

sources or by this author. When only sparse coverage of the gravity 

field or a single profile across the feature is available, a geometri

cal model must be proposed for the anomalous density region to 

determine 6M. In these cases, the model was a thin ellipsoid whose 
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diameter was equal to the diameter of the crater. The surface density 

required to reproduce the available gravity data was determined and 

used in the computation of 6M, 

These values of 6M for terrestrial impact structures are plotted 

in Figure 1. A monotonic increase with crater diameter is evident in 

this figure with a notable deviation from a cubic relation for craters 

larger than ten kilometers. Before proceeding with a discussion 

of the characteristics of this diagram and a comparison with lunar 

craters, it is necessary to determine the nature of the low density 

component(s) which give rise to these values of ~M. 

A consideration of the mechanics of the impact process, of the 

structure of terrestrial impact features, and of the morphology of 

lunar craters reveals four possible sources of low density material. 

1. Material which has been ballistically transported, and subse

quently well-mixed, and which has fallen back into the crater, 

2. Raised rim structure which is comprised chiefly of ejected 

material from the crater, 

3. Material, in lunar craters, derived by the large scale mass 

wasting or inward slumping of the interior crater walls, and 

4. A lens of brecciated material within the crater which has been 

subjected to large strains, but which locally preserves the 

original stratigraphy and has not undergone ballistic transport. 

An evaluation of the relative contribution of each of these four 

possible sources to the observed negative gravity anomalies of 

terrestrial impact craters will follow. This evaluation will be based 
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Figure 1. Variation of the mass deficiency, 6M, with crater rim 

diameter, D , for terrestrial impact structures. A cubic relation 
r 

is shown by the solid line. 
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on results derived from the geophysical techniques previously described 

and from the examination of available drill hole samples and logs. 

The first low density component listed above is material which 

has been ejected from the crater, but whose ballistic trajectories 

were insufficient to carry it beyond the rim. This interior fallback 

debris or mixed breccia unit has been identified at Meteor Crater 

(Shoemaker, 1963), Steinheim Basin (Reiff, 1977), and at several 

explosion craters. At Meteor Crater, this fallback debris unit exhibits 

the total range of shock histories and is composed of a mixture of 

rock fragments derived from all units revealed in the crater wall and 

of small fragments from the impacting object. Graded bedding of this 

unit is also evident at Meteor Crater. An estimate of the maximum 

thickness of this unit is ten meters at Meteor Crater and twenty to 

seventy meters at Steinheim Basin, that is, at most a fraction of one 

percent of the crater diameter. In terms of the mass anomaly, 

treating this component as a circular cylinder with a diameter equal to 

the crater rim diameter, the contribution to 6M will approximately be 

(2) 

where D is the diameter of the crater rim and 6P is the density 
r 

contrast between the fallback unit and the undisturbed material. 

Impacts into unconsolidated materials, such as alluvial or eolian 

deposits, will change the porosity and, hence the density, very little. 

For competent target materials, the porosity of this well-fragmented 

and mixed unit may be expected to increase to 30%, so that, values of 
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3 6P ranging from zero to - 1.0 gm/cm may exist, dependent on the nature 

of the target material. 

Application of the above estimate for the thickness of the fallback 

unit to lunar craters requires that this be ammended for the effects of 

the difference in surface gravity, g, and for the absence of atmospheric 

drag on the ejected particles. The range of a ballistic trajectory is inversely 

proportional to the surface gravity so that the thickness of this 

fallback unit should be approximately proportional tog. The presence 

' 

of an atmosphere will tend to reduce the range of a ballistic trajectory 

due to drag effects, so that, assuming flow similarity, for any given 

crater diameter, the effects of both gravity and atmospheric drag 

suggest that the thickness of this debris unit will be less on the 

Moon than on the Earth. Simple estimates for this drag effect are 

difficult since it depends in a nonlinear manner on particle size and 

shape and on ejected velocity (see McGetchin et al., 1974, for an 

illustration of evaluating this drag effect). Exclusion of this drag 

effect will give an upper bound on the amount of fallback material within 

a lunar crater. 

M < n 6 D 3 ( / ) 6 FB 400 p r gMoon gEarth (3) 

A second possible source of low density material is that comprising 

the crater rim structure. The surface relief of the rim is due both to 

ejected material and to uplifted country rock. Except possibly for 

a small region of maximum upward deformation near the rim crest 

this uplifted rock will probably be of insufficient porosity to 
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significantly contribute to the gravity anomaly. As evidence, a compari

son of the recent gravimetric and seismic surveys of Meteor Crater 

(Regan and Hinze, 1975; Ackermann et al., 1975) is cited which show 

minor density and seismic anomalies associated with the fractured and 

uplifted bedrock of the rim. Overlying the uplifted bedrock is a 

thin layer (~ 50 m) characterized bya very low density and low seismic 

velocities. The thickness of this thin unit is approximately equal to 

that determined for the ejected material on the rim from drilling 

information (Roddy et al., 1975). In this work the volume of the rim 

ejecta is estimated by equating the volume of ejected material to the 

volume of the excavated crater. Following the geometric model of 

Pike (1967; 1976) for bowl-shaped impact craters on the Earth and the 

Moon, this volume is 

V ~ ]I d (.!_ D ) 2 
2 2 r 

(4) 

where dis the actual depth of the crater measured from the pre-impact 

surface. For small lunar craters (D < 15 km, Pike, 1977), 
r 

1 d~-D 
5 r 

so that, the mass anomaly contributed by the rim ejecta is 

(5) 

(6) 

The depth/diameter ratio for large lunar craters is less than 

that stated above for small craters, 

1 
d ~- D 25 r 

to (7) 

so that, the volume of the crater bowl, and hence, the volume of the 
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surrounding rim, will be relatively less than that derived for the 

bowl-shaped craters. Taking into account this shallowing of large 

lunar craters, the expected contribution of the rim to the mass 

anomaly is 

(8) 

The third possible component of low density material associated 

with lunar craters is that resulting from the large scale mass 

movement or slumping of the crater interior suggested by the presence 

of scalloped and terraced walls (Mackin, 1969). This component has 

not been clearly recognized in terrestrial impact craters, probably 

due to the highly degraded state of these features. Orbital photo

graphic identification of either impact melt or fallback debris 

overlying the lunar wall terraces at very young craters indicate that 

this inward collapse was a short term event (Hawke and Head, 1977). 

It is unknown whether this slumped component is distinct from the 

large lens of breccia underlying terrestrial impact craters, to be 

discussed next, or whether it is gradational with this breccia lens, 

representing a basic characteristic of larger impacts, and is not to 

be distinguished from it. Here this component will be treated 

separately to determine its contribution to the observed lunar 

gravity anomalies. 

To estimate the amount of material resulting from the inward 

collapse of the crater walls, the existence of a transient cavity 

at the end of the excavated stage of cratering (see Gault et al., 1968) 

is postulated which, in this estimation, will be assumed to be 
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similar in form to the present parabolic form of the small bowl

shaped craters. The transient existence of a cavity at complex 

terrestrial craters is suggested by the reorientation of shatter 

cones at Sierra Madera and by the reconstruction of stratigraphic 

horizons at Gasses Bluff (Dence et al., 1977). At these two sites 

a depth/diameter ratio of 1/4 to 1/5 for this transient stage was 

estimated, roughly corresponding to the present depth/diameter ratio 

of bowl-shaped craters (Pike, 1977). 

In this estimation the transient shape is reconstructed from the 

present shape by removing material from the center of the crater and 

building up the crater walls in a manner similar to that discussed by 

Settle and Head (1976) and Malin and Dzurisin (1978). This transient 

shape is assumed to be parabolic with a depth-diameter ratio of 1/5 

and with a surrounding rim ejecta deposit which falls off with radial 

distance as (l/r) 3 (McGetchin et al., 1973). The present shape is 

idealized to be a flat-floored crater with a constant interior slope. 

Given the present crater floor diameter, Df, rim diameter, Dr, 

rim-to-floor depth, d., and rim height, d , the diameter of the 
1 e 

transient cavity, D, will be 
0 

where 

and 

D = 2. D 3 d. <n
2 

+ n + 1 - 3s) 
114 

o 2 r 1 

= d /d. 
e 1 

For most large lunar craters (Pike, 1976), 

Ti ~ 0.7 

(9) 

(l0a) 

(10b) 

(lla) 
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s ~ 0.2 (llb) 

and d. 
1 

~-D 
l 25 r (12) 

so that D 0.6 D (13) 
0 r 

and (d -d.)~ 0.1 
0 l 

D (14) r 

where d is the depth of the transient cavity. Then the contribution 
0 

to the mass anomaly will be, assuming a parabolic geometry, 

L,M 
s 

TT D 3 
80 l,p r (15) 

The three low density components already considered, expressed in 

eqs. (3), (8), and (15), will be shown to be relatively minor contri-

butions to the gravity anomalies associated with terrestrial impact 

craters. The major contribution is due to a large lens of brecciated 

and crushed material underlying the crater and laterally confined 

to lie within the crater rim crest. This component is characterized by 

moderately shocked material which has undergone relatively little 

mixing of the pre-existing strata. Drill logs of this region in 

terrestrial craters show a general correlation between density 

variations and the degree of shock damage (Short, 1970). Near the 

center of the crater the vertical distribution of shock effects is 

erratic with maximum shock damage near the top and bottom of the 

breccia unit and with the intensity of shock damage falling off 

rapidly toward the rim. There is very little small scale mixing of 

lithologic units in this breccia lens. A melt zone, sometimes 

containing iron-nickel fragments, , found near the basal portion of 
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this unit and confined to the center at Brent Crater (Dence, 1965), 

Meteor Crater (Shoemaker, 1963), Lonar Lake (Fredriksson et al., 1973), 

and West Hawk Lake (Short, 1970), is interpreted as the maximum depth 

of the transient cavity formed at the end of the excavation stage in 

the cratering process. The vertical distribution of shock effects 

and the presence of the basal melt zone, but the lack of small scale 

mixing, indicates that the material which comprises this breccia lens 

flowed or heaved outward and returned before the final deposition of 

the fallback mixed breccia unit (Shoemaker, 1963). 

No comparable basal melt zone has yet been identified at complex 

craters, probably due to the disruption which occurred during the 

creation of the central uplift. The timing of the formation of the 

central uplift was short-term and preceded the raining down of the 

fallback mixed breccia, as is suggested at Steinheim Basin (Reiff, 1977) 

and at Gasses Bluff (Milton et al., 1972). However, it is not clear 

whether the central uplift is due to a rebound response of the 

target to the passage of the shock and rarefaction waves (e.g., Milton 

et al., 1972) or due to gravitational collapse (Dence, 1968). 

For some very large terrestrial impact features, there is an 

annulus of brecciated material instead of a central lens which surrounds 

the uplift (e.g., Manicouagan, Sweeney, 1978). Present studies have not 

determined whether this annulus is due to ejecta fallback (i.e., mixed 

breccia) or is analogous to the lens of breccia associated with smaller 

impact features. 
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The depths of brecciation as measured from the pre-impact surface 

have been determined for many terrestrial impact features and are listed 

in Table III. Most of these determinations are based on information 

obtained from drill holes near the center of the structure or, for the 

two smallest craters, from trenches. However, for three craters in 

this list - which includes one lunar crater at the Apollo 17 landing 

site - for which this depth was estimated, drilling information was 

not available. In these cases, seismic data w~re used. As mentioned 

earlier, the low seismic velocity region associated with an impact 

feature is not confined to the lens of severely brecciated material, 

but extends beyond and includes the surrounding fractured region. The 

extent of this fractured region is two to four times the extent of 

the brecciated unit at Meteor Crater (Ackermann et al., 1975) and 

at Deep Bay (Sander et al., 1964). Using this as a rough approximation, 

the depths of brecciation have been estimated, within an uncertainty of 

a factor of two, for these three craters from the available seismic 

data and are noted in Table III. 

All of these depths of brecciation are plotted versus crater 

diameter in Figure 2. Notice that most of the small craters (< 10 km) 

fall along a line defined by a constant depth/diameter ratio of 

approximately one-third. The notable exception is the Flynn Creek 

Structure (3.8 km diameter). Small deviations about this line may 

be due to erosion or to variations in the impact velocity and angle 

or to different meteorite and target material properties at the various 

sites. Using this value of one-third, the mass anomaly contributed 
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Figure 2. Maximum depth of brecciation versus crater diameter. 

Circles denote depths determined by drilling; squares denote depths 

determined by seismic surveys, corrected for the deeper extent of 

these seismic determinations (see text). 
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by this lens-shaped brecciated component will be 

(16) 

A comparison of the above expression with eq. (3), (8), and (15) 

confirms the earlier statement that this component is the major 

contribution to the negative Bouguer anomalies associated with 

terrestrial impact craters. 

The density contrast between this breccia lens and the surrounding 

rock will be less than that for the fallback units discussed earlier 

since this component is much less shocked and mixed. An upper bound 

of - 0.5 gm/cm3 is placed on acceptable values for the density 

contrast based on the largest values determined for this unit in 

terrestrial impact features (see Table III). This bound corresponds 

to a maximum increase in porosity of 20%. Equation (16) is shown in 

Figure 1 with tp equal to - 0.4 gm/cm3 . 

The larger terrestrial impact features (> 10 km) plotted in 

Figure 2 fall systematically below the linear trend defined by the 

small terrestrial craters. A similar deviation from the cubic relation 

between crater mass deficiency and diameter defined by the small 

terrestrial craters also begins at a diameter of ten kilometers in the 

plot of tM versus crater diameter shown in Figure 1. Some of these 

larger terrestrial features are multiringed structures. In these 

cases, the apparent shallowness is possibly due to the choice of a 

crater diameter which corresponds to an outer ring of the structure, 

but which does not correspond to the actual crater rim. This is 
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probably the case for Ries Basin. For this feature the diameter listed 

in Table III is that for the major circular topographic depression. 

However, a less conspicuous inner ring, eight to ten kilometers in 

diameter, is more in line with the linear trend in Figure 2 and the 

cubic trend in Figure 1. Further support for this inner ring 

representing the actual crater rim at Ries Basin is inferred from the 

inverted stratigraphy identified in drill holes between the ten and 

twenty-two kilometer diameter rings, evidently part of an exterior 

ejecta blanket (Dennis, 1971). Unfortunately, similar detailed 

drilling information is not available for the other large terrestrial 

impact features. 

In summary, gravimetric surveys of terrestrial impact structures 

show that a negative anomaly, that is, a low density region, is 

associated with most of these features. Surface geology together 

with drilling information indicates that these gravity anomalies are 

primarily due to a lens of brecciated material confined within the 

crater rim and extending vertically to approximately a depth of one

third the crater diameter. The maximum density contrast between this 

unit and undisturbed country rock is - 0.5 gm/cm3 . Other low density 

components associated with impact structures were desci;-ib.ed in this. 

chapter and will be considered in the evaluation of the gravity 

anomalies associated with young lunar craters. 
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CHAPTER III 

LUNAR GRAVITY AND TOPOGRAPHIC DATA 

The lunar gravity and topographic data are discussed in this 

chapter along with a description of the procedure used in computing 

the topographic contribution to the local gravity field and the model 

calculations to the Bouguer gravity. Included within this discussion 

will be an outline of the uncertainties in determining the lunar 

gravity field contributed by the surface topography and by proposed 

models for the subsurface density structure. 

Lunar Gravity Data 

The Doppler shift of a transponded radio signal from a space

craft in lunar orbit as measured by the Earth-based tracking system 

is directly proportional to the relative line-of-sight (i.e., Earth

to-spacecraft) velocity component of the spacecraft. The details of 

making these measurements and deriving acceleration values from them 

are given by Sjogren et al. (1972b; 1976) and will only be summarized 

here. 

The resolution of these Doppler shift measurements is approxi

mately 0.01 Hz which, at an operating frequency of 2300 MHz, corres-

ponds to a change in spacecraft velocity of 0.65 mm/sec. For most 

orbits the sampling rate is usually chosen to be ten seconds, though 

for some orbits sampling rates ranging from one to thirty seconds are 

used. For each orbit an initial state, consisting of the six orbital 

parameters (i.e., three positional and three velocity components) are 
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estimated from these Doppler measurements by a least-squares procedure 

for a model which includes perturbations by the Earth and Sun, Earth 

rotation, and finite signal transit time and takes into account the 

presence of a third order lunar gravity field. The choice of the order 

of this lunar gravity field for this analysis is unimportant as long as 

the resolution of this global field is much larger than the scale of 

the features being examined (see Gottlieb et al., 1970). The resulting 

Doppler residuals, which may amount to as much as 20 Hz, are 

primarily due to unmodeled variations in the lunar gravity field. The 

errors incurred in correcting the original Doppler measurements and in 

determining the orbital parameters are generally less than 0.003 Hz 

(Phillips et al., 1978). 

The line-of-sight accelerations are derived from the residual 

Doppler values by differentiating with respect to time an analytic 

patched cubic spline to the Doppler residuals. The choice of a spline 

window which is too large will have systematic second-order residuals 

while a window which is too small may fit the data perfectly but have 

severe excursions (ringing) between data points. It has been deter

mined that a thirty second spline window produces second-order resi

duals which are comparable to the 0.01 Hz resolution limit of the 

Doppler measurements (Phillips et al., 1978). 

The major sources of error in the determination of the line-of

sight gravity values are the noise associated with receiver phase 

jitter, troposphere and ionosphere effects, quantization error,antenna 
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variations, and timing errors, and is typically less than 0.01 Hz for 

a ten second sample rate (Phillips et al.,1978). This estimate has 

been substantiated by examination of the Doppler measurements during 

the trans-Earth stage when the spacecraft motion is not influenced by 

small scale variations in the lunar gravity field. The contribution of 

this high frequency noise to the determination of the lunar acceleration 

values is derived from an examination of the second-order residuals 

remaining after the spline fit to the Doppler residuals and is used 

as the basis for estimating the formal error of the lunar gravity 

values (Phillips et al., 1978). A standard six-point numerical opera

tion has been used in this estimation to time difference these second-

order Doppler residuals (Milne-Thomson, 1951) 

s f' (x) ! [f(x + 3s) f(x 

-¾ [f(x + 2s) - f(x -
(17) 

+ f [f(x + s) - f(x - s~ 

where 's' is the sampling rate and the prime denotes the derivative. 

For a ten second sample rate, accelerations of order ten milligals are 

typical for this noise source. 

Since these acceleration values are the line-of-sight component 

of the lunar gravity field, they contain both a local vertical and 

horizontal component. The effect of this will be to modify the gravity 

signature as one moves from the sub-Earth point, where the line-of

sight component is predominantly vertical, toward the limb, where this 

component is predominantly horizontal. This change is illustrated in 
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Figure 3. Note that this geometric effect tends to position the peak 

in the gravity anomaly away from the center of the feature which gives 

rise to the anomaly and toward the sub-Earth point. 

The accelerations derived from the Doppler residuals are termed 

the 6~ee-lUJL gravity and are due to the combined gravitational effect 

of the lunar surface topography and lateral density variations within 

the Moon. The small scale of the gravity anomalies analyzed in this 

work requires that the lateral density variations which give rise to 

these anomalies reside within the lunar crust. Deeper density varia

tions will give rise to broader anomalies than those considered here. 

Furthermore, due to the small scale of these anomalies, only the rela

tive change in gravity, appropriate to the wavelength character of the 

feature of interest, is considered here, not the absolute value which 

is, in part, related to the broader regional structure of that portion 

of the Moon. 

Lunar Topographic Data 

The best determination of detailed local topography on the Moon 

comes from the Apollo Control Network (ACN), which includes the laser 

altimetry data (Kaula et al., 1973;1974), and from the Lunar Topographic 

Orthophotomaps (LTO) produced from the photography of the Apollo metric 

camera system. Unfortunately, dual areal coverage of these sources of 

lunar topographic data and of low altitude spacecraft gravity data is 

very limited so that additional coverage of detailed lunar topography is 

necessary to fully utilize the existing low altitude gravity data. 

This has been provided by the Earth-based radar topographic (ERT) maps 

of Zisk (1972a). 
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Figure 3. Change in the line-of-sight gravity signature for a ninety 

kilometer crater as one moves along the lunar equator from the 

sub-Earth point (0°) to the eastern limb (90°). 
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The radar method makes use of an interferometer technique to 

measure relative relief over most of the lunar nearside, extending 

up to 80 degrees from the sub-Earth point. Location on the lunar 

surface of a returned echo is determined by using constant range 

rings and Doppler strips which have an approximate resolution of 

one-by-two kilometers on the lunar surface. The phase displacement 

measured between two interferometer antennas for the returned 

echo from the same resolution element is used to detennine the 

relative relief over a localized region (,v400 km diam) of the 

Moon (Shapiro et al., 1972; Zisk, 1972b). Topographic maps 

derived by this procedure are shown in Figures 26 (p. 143) and 

31 (p. 172). Two difficulties with this method are the suppression 

of topographic features comparable to or smaller than the resolution 

elements by averaging over the resolution size and the inability 

of the presently available lunar ephemeris to tie these radar 

data to an absolute lunar topographic datum level. The latter 

difficulty will introduce regional slopes in the ERT data of 

typically 1:200 to 1:400 (Zisk, private communication). 

An error analysis of the ERT data shows that relative heights 

can be determined by the radar method to an accuracy of~ 200 meters 

(Shapiro et al., 1972; Zisk, 1972b). A comparison of topographic 

profiles across Ptolemaeus determined by LTO and ERT data sets 

is shown in Figure 4. An arbitrary datum and a regional slope 

of 1:300 have been added to the ERT profile. From this figure 
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Figure 4. A comparison of relative elevations determined from the 

Lunar Topographic Orthophotomaps (LTO) and the Earth-based Radar 

Topographic (ERT) data across the crater Ptolemaeus. The elevations 

read from the LTO maps are referenced to the center of mass of the 

Moon. A linear trend was removed from the ERT trace before it was 

superimposed on the LTO trace. 



-8
.6

 
-8

.7
 

AP
16

 L
EM

 
17

41
 

RE
V 

15
 G

RO
UN

DT
RA

CK
 

E
 1

7
4

0
1 

LT
O 

-
-
-
-

ER
T 

..:..
::: 2
·1

7
3

9
 

0 !1
7

3
8

~
 

-
1

7
3

7
~

~
 
~
 

1
7

3
6

 

-6
 

-4
 

LA
TI

TU
D

E,
 

de
g 

-8
.8

 

PT
O

LE
M

AE
US

 

·=
=

--
--

--

-2
 

LO
NG

IT
UD

E,
 d

eg
 -8

.9
 

//
 

~
 

0 

-9
.0

 
-9

.1
 

I 
,:,

-. 
0

-,
 

NO
TE

: 
ER

T 
TR

AC
E 

Tl
 L

TE
D 

o0 . 1
 D

OW
N 

TO
W

AR
D 

W
ES

T 

2 
4 



47 

it can be seen that the ERT trace recovers the basic features 

of this topographic profile but fails to record the irregular 

small scale variation. Another comparison of the LTO and ERT 

profiles is shown in Figure 5 across a deeper lunar crater, 

Langrenus, which lies nearer the lunar limb than Ptolemaeus. Again, 

an arbitrary datum has been added to the ERT profiles in this 

figure, but no regional slope has been introduced in this comparison. 

The ERT data again recovers the basic topographic features but fails 

to record the small scale variations; in particular, note the sup

pressed rim crests and the smoothing of the central peak. 

A final comparison of the ERT data with other lunar topographic 

sources, in this case, LT0, photogrannnetry, and shadow measurements, 

is shown in Figure 6. In the upper diagram, plotted as a function 

of the crater rim diameter, is the difference in crater 

rim-to-floor depths determined by Pike (1976) from these other 

topographic sources and determined by the ERT data and in the lower 

diagram is the difference in the actual crater depths determined by 

Pike and by the ERT data for these same craters. These values are 

tabulated along with a listing of the crater names in Table IV. The 

large difference exhibited in the upper diagram is due primarily to the 

suppression of the crater rim crest by the ERT technique, evident in the 

crater profile shown in Figure 5. This effect has been essentially 

removed by considering the actual crater depths in the lower diagram. 

However, there still remains for the smaller craters a 200 to 400 
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Figure 5. A comparison of the relative elevations determined from the 

LTO maps and the ERT data across Langrenus. Elevations read from the 

LTO maps are referenced to the center of mass of the Moon. An arbi

trary constant background level was added to the ERT traces. 



17
38

.0
 

E
 
~
 

z
· 

17
36

.0
 

0 ~
 

<
 ~ w 

17
34

.0
 

LA
NG

RE
NU

S 
LO

NG
IT

UD
E 

61
° 

17
32

.0
 -1

2 
-1

1 
-1

0 

17
38

.0
 

E
 
~
 

5.
17

36
.0

 s 

LA
NG

RE
NU

S 
LA

TI
TU

DE
 -

ifJ
 

.:::
 

r-
-

C
:
 

<
 ~ w
 

17
34

. 0
 

-
-

LT
O 

-
-

ER
T 

_,, 

-9
 

-8
 

-7
 

-6
 

LA
TI

TU
DE

, 
de

g -
-

LT
O 

-
-

ER
T 

-5
 

-4
 

-3
 N
 

1
7

3
2

.0
~

--
;:

:;
--

-~
--

-=
~

--
:l

:-
--

--
--

-:
-1

::
--

-J
..

..
..

_
-.

..
.J

..
..

..
_

--
-l

..
 _ 

_
_

J
 

56
 

E
 

57
 

58
 

59
 

60
 

61
 

62
 

63
 

64
 

65
 w
 

LO
NG

IT
UD

E,
 

de
g 

~
 

\D
 



so 

Figure 6. A comparison of crater depths determined by the Earth-based 

Radar Topographic data (ERT) with crater depths determined by other 

methods and reported by Pike (1976). The difference in the determin

ation of crater depths are shown as a function of the logarithm of the 

crater diameter. The solid points denote crater depths determined by 

Pike from either LTO maps or USGS photogrannnetry. The open circles 

are shadow measurements. In the upper diagram are differences in rim

to-floor depths and in the bottom diagram are differences in the actual 

crater depths. The larger scatter in the upper diagram is due to a 

suppression of the rim crest elevations by the radar technique. 
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TABLE IV 

COMPARISON OF CRATER DEPTH DETERMINATIONS 

Pike (1976) vs. Zisk (Radar) 

Rim-to-Floor Surroundings-to-Floor 
Crater Name Diam. (km) Pike Zisk Pike Zisk 

*Langrenus 136 4.5 3.9 3.0 3 . 0 

Albatengnius 135 3.2 3.0 2.2 2.0 

*Theophilus 102 4.1 3 . 6 2.8 3 . 0 

Copernicus 93 3.8 3.3 2.7 2.7 

Werner 71 4.2 4.0 3.4 3.0 

*Macrobius 65 4.0 3.4 2.8 2.6 

Eratosthenes 58 3.4 2.7 2.0 1.8 

Agrippa 46 3.0 2.2 2.2 1.8 

Reinhold 45 2.7 2.4 1.9 2. 1 

*Herschel 42 3.3 2.2 2.4 2.2 

Marius 41 1.5 1.0 0.9 0.8 

*Tisserand 35 2.9 1.8 1.9 1.6 

Godin 35 3.2 2.0 2.5 2.0 

Kepler 32 2.7 2.0 1.9 1.8 

* Denotes use of either LTO maps or USGS photogrammetry by Pike (1976). 

In all other cases shadow measurements were used. 
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meter bias in the ERT determination of the crater floor level; for 

large craters (>90 km) there is no detectable systematic bias in the 

determination of actual crater depths by the ERT technique and by other 

sources. The 200 meter accuracy of the ERT data, which for small lunar 

craters is a 400 meter bias, is a major source of error in the analysis 

of the lunar gravity anomalies and has been included in estimating the 

uncertainty in determining the Bouguer gravity. For a two kilometer 

deep crater, the uncertainty in topography will contribute roughly 

ten per cent to the determination of the Bouguer gravity. 

Orbit Simulation Procedure 

The least-squares estimate of the orbital parameters is the major 

step in the reduction procedure described earlier which introduces a 

significant nonlinear corruption of the Doppler residuals, and hence, 

lunar gravity values. This least-squares orbit estimation will absorb 

ten to thirty per cent of the magnitude of the high frequency gravity 

field and will cause, in the residual gravity values, spurious nega

tive (positive) accelerations to flank positive (negative) anomalies 

(Gottlieb, 1970). 'Ihe amount of this compression is variable for each 

feature, dependent mainly on the distance of the anomaly from the sub

Earth point with less compression for features nearer the limb, and 

must be accounted for in any computational scheme which is used to 

model the lunar gravity values. However, the inclusion of the full 

details of the data reduction procedure in a modeling scheme, taking 

into account the relative motion of the spacecraft and the Earth-based 
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tracking system, the effect of the Earth and the Sun, etc., to compute 

the Doppler residuals is a very costly procedure. To circumvent this 

difficulty a simplified orbit simulation procedure has been developed 

which takes into account, in an approximate manner, the nonlinear bias 

introduced by the least-squares estimate of the orbital parameters and 

which allows comparisons to be made directly with the derived lunar 

gravity values but is able to ignore the remaining details of the data 

reduction procedure (Phillips et al., 1978). 

In this orbit simulation procedure, a density distribution is 

specified, p(r, 8, 0), where r, 8, and 0 are radius, latitude and 

longitude, respectively, in a Moon-centered spherical coordinate sys

tem. The resultant gravity field is obtained by integrating the pro

duct of p(r, 0, 0) and the spherical Green's function over a prescrib

ed volume of the Moon 

g (x, y, z) = 

GT1 • p (r' , 8' , iJi' ) r' 
2 

cos 8' d 8' d iJi' dr' , 
1 

{r
2 + r'

2 
- 2r'(cos[iji-iji~ cos 8 cos 81 + sin 8 sin 8') } 2 

V' 

(18) 

where G is the gravitational constant and Vis the gradient operator. 

The unprimed coordinates are the spacecraft position as previously 

determined by the orbit determination procedure. This volume inte

gration is first carried out analytically in longitude, numerically 

in latitude and then radially integrated numerically. 

The resultant gravity vectors are rotated by the transform matrix 

Tinto the standard lunar Cartesian coordinate system, and then read 



55 

as a "force table" in an orbit simulation program. A simplified nu

merical integrator is used in this program (without perturbations from 

the Earth or the Sun, station motion, or signal transit time calcula

tion) to simulate the Doppler measurements, integrating in the pres

ence of the "force table". The line-of-sight component is approxi

mated by the line connecting the center of masses of the Earth and the 

Moon taking into account the lunar librations. The Doppler values are 

then fit in the least squares sense with a Keplerian orbit. This proc

essing approximately reproduces the same distortion in the simulated 

Doppler values as are imposed on the real data. These simulated Dop

pler residuals then undergo the same cubic spline fitting procedure as 

the real data in computing the accelerations. The use of the simplified 

numerical integrator to compute the Doppler measurements as well as 

the fitting with a conic rather than an integrated orbit in this pro

cedure introduces long-term biases in the Doppler residuals and in the 

position of the spacecraft but does not significantly change the char

acter of the high frequency gravity due to local features (Phillips 

et al., 1978). Positional biases of the spacecraft along the orbital 

track introduced by the above approximate simulation procedure may 

amount to as much as ten kilometers, so that modeled gravity profiles 

computed in this manner must be freely matched to the minimum or max

imum of the observed gravity profiles within this range of uncertainty. 

Bouguer Gravity 

The Bouguer gravity is determined by differencing the topographic 

contribution to the gravity field from the free-air gravity. This 
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topographic contribution is determined by use of the orbit simulation 

procedure described in the previous section in which the density dis

tribution is taken to be the observed surface height variations derived 

from one of the sources of local lunar topography discussed earlier. 

In the analysis of lunar craters, the major contribution, in most cases, 

is due to the central bowl of that particular crater. 

The exact choice of the topographic background level is of little 

importance in this analysis of localized gravity anomalies as long as 

the edge effects of the topographic model are insignificant, that is, 

the topographic model must extend a few times the spacecraft altitude 

beyond the feature of interest. The effect of this choice of the top

ographic datum is shown in Figure 7 for a gravity profile across the 

crater Langrenus. Both of these two curves are the contribution of the 

surface topography to the local gravity field differing only in the 

choice of the topographic background level. As can be seen in this 

figure, the signature and amplitude of these profiles are almost iden

tical. The major difference is in the absolute value of the acceler

ations indicating that a much larger wavelength component, as expected, 

is being altered by a change in the topographic datum. 

The choice of the value for the lunar crustal density used in the 

topographic correction also has a small effect on the determination of 

the Bouguer gravity. To illustrate, the free-air gravity data for an 

orbital pass across Langrenus is shown in Figure 8. The solid lines 

are the topographic contribution parameterized by assumed values for 

3 the crustal density (gm/cm). It is seen that the choice of crustal 
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Figure 7. Effect of changing the topographic background level for the 

same orbital pass. The two solid lines show the topographic contribu

tion to the gravity field for two different datum levels measured in 

kilometers from the center of the Moon. 
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Figure 8. Dependence of the topographic correction on assumed values 

for the lunar crustal density. The circles are the free-air gravity 

data and the solid lines are the topographic contribution to the 

gravity field parameterized by assumed values for the lunar crustal 

3 density (gm/cm). 
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density is not critical, and in this particular example, is incapable 

of matching the peak-to-peak variation in the free-air gravity. For 

3 all lunar craters, a value of 2.7 gm/cm has been adopted for the lunar 

crust. This is close to the median value determined by Talwani et al. 

(1973) for returned samples of the lunar anorthositic highlands and to 

the value of 2.9 gm/cm
3 

determined for the lunar Apennines by Ferrari 

et al. (1978) from spacecraft gravity data. For the two non-impact 

features included in this analysis, which are probably chiefly composed 

of material similar in composition to the lunar mare that surrounds 

them, a higher value of 3.0 gm/cm3 has been adopted in computing the 

Bouguer gravity. This higher density is consistent with measured 

values determined for samples returned from the lunar mare regions 

(Talwani et al., 1973). 

The resultant Bouguer gravity profiles for each of the lunar 

features considered in this work are presented in the Appendix. For 

each feature the groundtracks of most of the orbits analyzed are shown 

in the upper diagram and the free-air (solid lines) and Bouguer (dashed 

lines) gravity profiles are shown beneath as a function of longitude. 

The Bouguer gravity has an arbitrary background level o The error bars 

shown along the Bouguer profiles are the square root of the sum of the 

squares of the uncertainties in the determination of the Bouguer grav

ity (averaged in approximately one degree longitude increments) con

tributed from uncertainties in the topography, in the assumed value for 

the lunar crustal density (± 0.3 gm/cm3), and in the intrinsic noise of 

the Doppler data. These various contributions for the lowest altitude 
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orbit analyzed over the center of each feature are listed in Tables V, 

VI, and VII (pp . 73, 88, 128, respectively). Not included in the 

estimation of these error bars, but listed in these tables and included 

in the estimation of 6g, is an estimate of the objective uncertainty in 

extracting the gravity signature of the feature of interest from the 

regional background level. This uncertainty will also be included in 

constraining the range of acceptable model calculations. 

Two techniques have been used to try to model this regional back

ground level, but with poor results. The first was the use of the 

spherical harmonic expansion of the lunar gravity field (Ferrari, 1977) 

applied to the orbits analyzed here. The difficulty with applying this 

harmonic expansion is that the downward continuation of the gravity 

field did not always adequately reproduce the regional trend of the 

free-air gravity . The second technique used a point model for the 

nearside lunar mass distribution (Wong et al., 1971) . 'llle difficulty 

here is that the point model specifically included many of the lunar 

features which are being analyzed here, and as such, the regional 

background field determined from this point model absorbed some of the 

gravity signature arising from the feature of interest. As a result of 

these difficulties, neither techn~que was used. 

Model Calculations 

Many of the lunar features analyzed here have detectable Bouguer 

anomalies (see Appendix). The interpretation of these Bouguer anoma

lies is hampered by the inability to invert gravity data in terms of a 
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unique density structure. However, the determination of the total mass 

deficiency or excess, 6M, giving rise to the Bouguer anomaly is, with

in the uncertainties of this analysis, independent of the density 

structure. Using this mass parameter, various hypotheses regarding 

the nature of the anomaly can be tested by prescribing the geometry of 

the anomalous mass and solving for the density contrast required to 

reproduce the observed Bouguer gravity anomaly. For the lunar craters, 

models are proposed on the basis of the generalities made about terres-

trial impact features in the previous chapter. Those models which 

require an unrealistically large density contrast are eliminated as 

possible solutions. Ranges of realistic values for the density con-

trast will be discussed when appropriate in the following chapters. 

For the non-impact features, the Bouguer gravity is used to limit the 

lateral spatial extent, and hence, constrain the geometry of the anom

Plous mass which can then be related to surface features. In the 

analysis of Grimaldi, a single anomalous mass component does not ade

quately reproduce the observed gravity signature, so that multiple 

components are introduced. 

To illustrate the independence in determining 6M, four parabo

loidal models are proposed to explain the negative Bouguer gravity 

across Copernicus. A detailed description of the rationale for these 

models with respect to the crater shape is given in the next chapter 

and a sketch of each model is shown in Figure 9o The appropriate dimensions 

of each of these models for Copernicus are listed in Figure 10 along with 

the density contrast (gm/cm
3

) necessary in each case to reproduce the 
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Figure 9. Schematic diagram of four models for the mass deficiencies 

associated with young lunar craters. Dashed line outlines the postu

lated transient crater geometry used in estimating the thickness of 

the slump models (see Chapters II and IV). 
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Figure 10. Comparison of four model calculations described in the 

text with the free-air gravity data for a single profile across 

Copernicus. The sum of the gravitational effects of the subsurface 

and topographic models are matched to the free-air gravity. The den-

3 sity contrast is expressed in (gm/cm). The models refer to those 

in Figure 9. 
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observed gravity anomaly. The topographic contribution has been in

cluded in this computation. The total mass deficiency, 6M, for each 

model is also listed. Notice that while the volume of the anomalous 

low density region increases by an order of magnitude over this range 

of model dimensions, 6M changes by less than a factor of two. 

The analysis of multiple orbits has not helped to alleviate this 

non-uniqueness problem as is evident in Figure 11. Shown here are the 

results of a topographic and subsurface model, similar to the fourth 

model computed above for Copernicus, computed for three orbital tracks 

across Langrenus. Use of the other three model geometries shown in 

Figure 9 will give almost identical gravity signatures with little var

iation in the values of 6M. Unfortunately, the available orbital 

coverage over all of the lunar features considered here is too con

fined to allow a better conatraint, within the uncertainties of this 

analysis, of the spatial extent of the anomalous masses by the analysis 

of multiple orbits. However, Figure 11 does demonstrate the consis

tency of this analysis when applied to several gravity profiles across 

the same feature. 

Values of 6M for most of the lunar features, assuming a single 

anomalous mass component and solving for the mass excess or deficiency 

which gives the magnitude of the nominal value for the Bouguer gravity, 

are listed in Tables V, VI and VII. The geometry used to determine 

these values of 6M was a thin cylindrical disk of similar diameter to 

the diameter of the feature of interest. The possible range of values 
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Figure 11. A comparison of identical model and topographic calcula

tions for several different orbital tracks across Langrenus . The 

free-air gravity data are shown as circles (only every other data 

point is plotted) and the sum of the topographic and model calcula

tions to each profile is shown as a solid line. 
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for this mass parameter is given in the last column of these tables. 

This range was determined from 6g which is the square root of the sum 

of the squares of the uncertainties contributed by the topography, by 

an objective estimate of the ability to separate the gravity anomaly of 

interest from the regional background trend, by different assumed 

values for the density of the lunar crust in computing the Bouguer 

gravity, and by the intrinsic noise of the Doppler data. 
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CH.APTER IV 

YOUNG LUNAR CRATERS 

In this work, young lunar craters are those which exhibit at most 

a slight modification of the original crater form which existed shortly 

after the end of the impact process. No long-term endogenic or exo

genic processes seem to have significantly altered the appearance of 

these lunar craters. The major difference in appearance of the large 

lunar craters considered here from the bowl-shaped form of smaller 

lunar craters (<15 km) is probably due to the inward collapse of mat

erial from a short-term bowl-shaped transient stage (Mackin, 1969; 

Malin and Dzurisin, 1978). In terms of lunar stratigraphy, these young 

lunar craters belong to either the Copernican or Eratosthenian systems 

(Wilhelms and McCauley, 1971). 

Due to the limitations ·of the lunar gravity and topographic data 

described in the earlier chapters, only a limited range of young crater 

sizes, from 32 to 135 kilometers, is available for this analysis. 

Smaller craters are below the detectable range of the lunar gravity 

data and larger craters are beyond the areal coverage of this same data 

set. A listing of the craters considered in this chapter, in order of 

increasing diameter, is given in Table V. 

Characteristics common to each of these young craters include the 

presence of a sharply defined rim crest, steep inner slopes, a rela

tively flat floor and well-preserved interior terraces, exterior ejecta 

blanket, and secondary crater field (Figure 12). Many of the craters 

of this group have central peaks which rise one to two kilometers above 
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Figure 12. Apollo 16 oblique metric photograph (AS16-692) of 

Theophilus (100 km). View is to the south. Note the pronounced 

central peak complex, interior wall terraces, and the shallow 

appearance of this crater. 
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the crater floor. There is also a distinct lack of medium size 

craters (S-10 km diam) superposed on these large young craters. The 

rim-to-floor depths of these young lunar craters (see Table II) range 

from three to four kilometers, so that these craters are significantly 

shallower than crater depths extrapolated from the constant 1/5 depth/ 

diameter ratio of small bowl-shaped craters (see Pike, 1974). 

Each of these young lunar craters has a mass deficiency, that is a 

negative AM, associated with it. These values of AM are listed in the 

second column from the right in Table V and are plotted versus crater 

rim diameter in Figure 13. The range of possible values of AM for 

each crater, ~M, is given in the last column in Table Vandis also 

depicted in Figure 13. This range was determined by estimating the 

magnitude of the uncertainty in determining the relative acceleration 

values, ~g. As discussed in the previous chapter, these values of Sg 

listed in Table V are the square root of the sum of the squares of the 

uncertainties,which are also listed in Table V,contributed by the 

topography, by a range of plausible values for the density of the 

lunar crust in computing the Bouguer gravity, and by the intrinsic 

noise of the Doppler data. These various error contributions for each 

crater are also listed in Table V. 

Model Calculations 

As discussed in Chapter III, the inversion of gravity data in 

terms of a density structure is nonunique, however, the determination 
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Figure 13. Variation of the mass deficiency with crater rim diameter 

for young lunar craters. The solid line is the same as shown in 

Fugure 14. 
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of the mass parameter, 6M, is, within the uncertainties of this analy-

sis, independent of assumptions made about the density structure. This 

value for 6M is then used to evaluate various classes of subsurface struc

tures by prescribing the geometries and solving for the density con-

trasts required to give the observed value of 6M. Those classes of 

models which yield unrealistically large values for the density contrast 

are eliminated as possible models. These geometries are proposed on 

the basis on inferences made from the surface geology and, for these 

young lunar craters, from an examination of the subsurface structure 

of terrestrial impact features (see Chapter II). 

To illustrate this procedure, consider the mass anomaly associated 

with the crater Copernicus. In Chapter II, four possible low density 

components were identified which contributed to the negative mass ano

maly associated with terrestrial and lunar craters. The first two com

ponents considered in that chapter were those contributed by the fall

back debris within the crater, 6~B' and by the rim structure, 6~. 

From the value of 6M for Copernicus (Table V), the volumes of both of 

these two components (Equations 3 and 8) are insufficient by themselves 

to explain the observed negative mass anomaly since these require ab

surdly large values for the density contrast. Hence, other low density 

components must be consider ed to account for the observed value of 6M 

for Copernicus. 

The material which is responsible for the shallow depths of these 

craters, presumably derived by the inward slumping of the crater walls, 
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is volumetrically much larger for a given crater diameter than either 

the interior fallback debris or the rim deposits (Equation 15) as is 

the potential contribution from the lens of brecciated material which 

underlies bowl-shaped terrestrial craters (Equation 16). These two 

components have actually already been considered for Copernicus in the 

previous chapter. Whether the lateral extent of these two components 

should ext~nd only as far as the present crater floor, which is rough

ly the same as the diamete r of the postulated transient bowl-shaped 

geometry (see Chapter II), or as far as the present rim cannot be 

clearly decided from the surface geology. This leads to the testing 

of the four paraboloidal models shown in Figure 9. Models 1 and 2 in 

this figure are representative of the crater fill material derived by 

the inward collapse or slumping of the postulated transient crater 

walls. The dashed line in the first model outlines the assumed tran

sient cavity geometry. The vertical extent of this component was taken 

to be 10% of the final crater rim diameter, in accordance with the 

estimates made in Chapter II. In the first model the lateral extent 

was confined to lie within the present crater floor diameter and in the 

second within the present crater rim diameter. The third and fourth 

models are representative of the large lens-shaped brecciated region 

underlying most terrestrial impact craters, also discussed in the 

previous chapter. For these lunar craters, this also included the 

slumped material represented by the first two models. In both of these 

models, this lens of brecciated material extends to a depth of one

third its diameter. In the third model, this region is confined to lie 
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within the crater floor diameter, which, as mentioned above, approxi

mately corresponds to the diameter of the postulated transient bowl

shaped cavity. The last model represents the brecciated region extend

ing outward to the present crater rim crest, similar in horizontal 

extent to most terrestrial impact craters. 

A comparison of the lunar gravity values computed for each model, 

including the topographic contribution, with the actual free-air 

gravity values is shown in Figure 10. As pointed out earlier, there is 

no preferred subsurface model based on the degree of fit to the ob

served gravity values. For these two components, an upper bound is 

placed from terrestrial experience on the negative density contrast 

3 associated with impact craters of -0.5 gm/cm. Under this constraint, 

the first three models are unacceptable (Figure 10) and, thus, the 

anomalous mass must extend to at least a region as large as that shown 

in the fourth model. This result was also obtained for each of the 

other young lunar craters analyzed here. 

Further support for this large breccia lens beneath lunar craters 

is given in Figure 14 which shows a comparison of the mass anomalies 

associated with terrestrial and young lunar craters. The lunar craters 

fall along the same cubic trend defined by the smaller terrestrial 

craters. For similar values of the density contrast produced by ter

restrial and lunar impacts, the extent of the mass anomaly is similar, 

and, hence, probably due to the same component, namely a lens of brec

ciated material extending laterally to the rim crest and vertically to 

a depth of one-third the crater rim diameter. So that for Langrenus, 
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Figure 14. A comparison of the variation in the mass deficiency 

associated with terrestrial and young lunar impact craters with 

the crater rim diameter. The solid line shows a cubic relation 

between the mass deficiency and the crater rim diameter. 
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this extends to a depth of forty kilometers. 

Discussion 

Figure 14 suggests that for a gi.ven impact crater diameter the 

volume of brecciation is the same on the Earth and on the Moon and, 

hence, for a similar geometry of this brecciated region, so is the 

depth of brecciation. Recall that the results of drilling logs and 

recovered cores at several terrestrial sites indicated that the maximum 

depth of the transient cavity, as inferred from the erratic vertical 

distribution of shock effects and the existence of a basal melt layer, 

is close to the maximum depth of brecciation, within about 80%, so that 

the maximum depth of the transient cavity associated 

with these lunar craters probably extended to similar scaled depths 

into the lunar crust, roughly one-fourth of the present crater rim 

diameters. During the penetration of the meteorite, material was 

ejected and deposited on the surface. Experimental hypervelocity im

pacts, producing craters i.n the ten centimeter diameter range, have 

shown that the bulk of the material ejected beyond the crater rim comes 

from a depth of roughly one-third the inferred depth of the cavity at 

the end of the excavated stage (Stoffler et al., 1975). A similar 

scaled depth of origin may also be true for the bulk of the ejecta 

surrounding lunar craters. However, local inhomogeneities within the 

target material may allow small amounts of material to be derived from 

depths as great as that of the transient cavity and to be found in the 
✓ 

fallback or mixed debris unit. 
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The ability, as determined by the relative time available, to 

eject material from these greater depths will decrease with increasing 

crater diameter since the grav1.tational effects producing the inward 

return flow become more 1.mportant earlier in the impact process. To 

demonstrate this, the ratio of the characteristic time for material to 

slump inward, T , to the time required for the ejecta to travel from 
s 

the crater bottom to the surface, T , is estimated. The time for the 
s 

inward return of material by gravitational forces is approximated by 

the free-fall time from the surface to the bottom of the crater. 

(19) 

Here d is the maximum depth of the transient cavity which is approxi
p 

mately equal to one-fourth the final crater diameter, D. The time for 

material to be ejected from a depth of d is 
p 

(20) 

where v is the ejection velocity which is typically some fraction of 
e 

the impact velocity. h 
. . 1 . 

Here, as a roug approximation, ve ~ 10 vi is 

used where v. is the impact velocity. The ratio of these two time 
l 

scales will give the relative time available to eject material from 

craters of different diameters. 

(21) 
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Assuming an impact velocity of 10 km/sec, 

T IT ~ 30 for Meteor Crater and s e 

Ts/Te~ 7 for Copernicus. 

That io, there is a longer relative time interval available during the 

formation of Meteor Crater than Copernicus to eject material during 

the excavation stage of cratering before the occurrence of the inward 

slumping of material. This ratio also suggests that there is suffi

cient time available in a]most all impacts on the Moon to eject at 

least small amounts of material from depths much greater than the shal

lower source for the bulk of the deposits comprising the rim material. 

Extrapolating this to large lunar basins, this suggests that for 

an Imbrium size event (D ~ 300 km), the transient cavity penetrated 
r 

well below the lunar crust and small amounts of material from the lunar 

mantle were probably excavated and reside on the lunar surface. Hence, 

the dunite fragments collected at the Apollo 17 landing site (Dymek 

et al., 1975) could possibly be derived from the lunar mantle and not 

necessarily represent a "cumulate" rock that formed within the lunar 

crust. 
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CHAPTER V 

OLD UNFILLED LUNAR CRATERS 

Introduction and Description 

This chapter extends the analysis of the lunar gravity anomalies 

to those craters which, according to the geologic map of the lunar 

nearside (Wilhelms and McCauley, 1971), belong to either the Imbrian 

or pre-Imbrian systems. A listing of these craters in order of in

creasing diameter is given in Table VI. 

These particular Imbrian and pre-Imbrian age craters are similar 

in some aspects to the morphology of the younger lunar craters which 

have been considered in the previous chapter. Craters of both age 

groups have relatively flat floors and terraced interior walls and 

central peaks. More importantly, the depth/diameter ratios of the 

craters listed in Table VI are not greatly different from values for 

younger lunar craters within the same diameter range (e.g., Pike, 1976), 

that is, these particular craters have not been significantly shallowed 

by either endogenic or exogenic processes to the extent the craters 

to be considered in the next chapter have been shallowed. The major 

distinction between craters in these two age groups is the more subdued 

appearance of the older craters (Pohn and Offield, 1970) and the super

position of one or more craters of medium-size (~10 km) upon these 

older craters. It is these indicators which have been used as the 

major criterion in assigning an Imbrian or older age to those craters 

listed in Table VI. However, this approach of relative age dating of 
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lunar craters suffers from regional biases due to proximity to the 

most recent lunar multiringed basins and to the complex emplacement 

sequence of the lunar mare lavas. It is emphasized that clear rela

tive age relationships do not exist between each of these craters and 

the defined time interval of the Imbrian period, in particular, the 

occurrence of the Imbrium event. 

For each of the craters listed in Table VI which are adjacent to 

or superposed by volcanic units, the formation of the crater predates 

the last occurrence of surface volcanism in that locale. This includes 

all of these craters except Piccolomini, Sacrobosco, and Pasteur which 

lie well within the lunar highlands far removed from any nearby evi

dence of surface volcanism. The floors of three of the largest craters 

listed in Table VI are superposed to varying amounts by dark volcanic 

units. Neper (Figure 15) has a broad domical structure extending 

across the crater floor, the maximum relief of which is a few hundred 

meters. This domical structure was revealed by the Apollo Lunar 
I \ 

Sounder Experiment (ALSE) which provided a continuous radar profile of' 

the lunar surface along portions of the Apollo 17 CSM groundtrack. 

This experiment also revealed similar domical structures associated 

with the floors of Hevelius and Aitken (Elachi et al., 1976), two craters 

of similar age and diameter to Neper. These similarities make it 

impossible to determine whether this floor doming is characteristic of 

all large lunar craters, possibly produced in connection with the in

ward slumping of the crater walls, or, alternatively, due to their 

greateL age perhaps the result of volcanic intrusion raising the crater 
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Figure 15. Lunar Orbiter photograph (IV-165-H3) of Neper (bottom 

center). Note that the floor of this crater is completely covered 

with dark mare units with the central peak protruding through these 

units. The present depth of this crater (4.4 km) suggests that the 

total thickness of these mare units is at most a few hundred meters. 
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floor. Floor doming in Petavius and Humboldt is suggested by the photo

graphy provided by Lunar Orbiter spacecraft. Small patches of dark 

volcanic units lie discontinuously along the crater floor-wall contact 

in both Petavius and Humboldt (Figure 16). The depth/diameter ratios 

for these two craters are somewhat shallower than for the other craters 

listed in Table VI indicating that the floors of these two craters have 

been uplifted the most of any of this group, from one to two kilometers. 

Also evident on the floor of Petavius is a radial rille pattern sug

gestive of the presence of a concentric or hoop tensile stress field 

produced by the doming and uplifting of the crater floor and resulting 

in failure of the lunar crust. A more extensive radial rille pattern 

is present on the floor of Humboldt (Figure 16) complemented by a 

concentric rille pattern. The pre-mare floor of Neper is possibly 

similarly patterned by straight lunar rilles, though these are not 

evident since the present floor of this crater, except for the central 

peak, is completely covered by mare units. 

Macrobius is the smallest crater listed in Table VI and its mor

phologic distinctions from the other craters in this list are probably 

attributed to this difference. It lacks a well developed central peak 

and interior wall terraces. There is no clear evidence of volcanism 

associated with the floor of this crater which lies two kilometers 

below the level of the nearby mare units mapped by Scott and Pohn 

(1972). 
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Figure 16. Lunar Orbiter photograph (IV-012-M) of Humboldt. The floor 

of this crater is only partially covered by dark volcanic units 

appearing as patches along the floor-wall contact. The radial and 

concentric rille pattern interior to the crater is suggestive of a 

tensile stress field produced by the upward doming of the floor of 

this crater, probably the result of volcanic intrusion. 



94 



95 

Possibly the two oldest craters in this group, based solely on 

relative crater morphology and degradation among all of the craters of 

this group, are Sacrobosco and Pasteur. These two craters lie well 

within the lunar highlands far removed from any evidence of surface 

volcanism such as dark mare material, dark-mantling pyroclastic debris, 

or dark halo craters. Furthermore, the floors of these craters lack 

straight rille patterns which would have been suggestive of volcanic 

intrusion (Schultz, 1976). 

The morphology of Piccolomini (Figure 17) is very different from 

the other craters considered here. This crater is also situated well 

within the lunar highlands far removed from any evidence of surface 

volcanism and the floor of this crater also lacks a rille or fracture 

pattern and lies at about the same level as the mare material in the 

Nectaris Basin to the north. Morphologically, it appears to be much 

younger or at least less modified and degraded, than the other craters 

in this group with the exception of Macrobius. 

With one exception, Piccolimini, all of the craters listed in 

Table VI have zero Bouguer gravity anomalies, that is, there are no 

detectable net mass excesses or deficiencies associated with these 

features. The uncertainty or range, oM, in the determination of the 

magnitude of the mass anomaly, ~M, is also listed in Table VI along 

with the contributions to the local gravity field from different error 

sources (see Chapter III). In the cases of zero Bouguer anomalies, 
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Figure 17. Lunar Orbiter photograph (IV-076-Hl) of Piccolomini 

(upper right). The general, though more subdued, appearance of this 

crater compared to Copernican and Eratosthenian age craters of similar 

diameter (see Figure 12) suggests that the major process of post

impact modification has been by small impacts with little, if any, 

endogenic processes modifying the original structure of this crater. 
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the upper bound for 6M is compared with values of 6M for young lunar 

craters in Figure 18. The exception for this older group of lunar 

craters is Piccolomini which has a negative Bouguer gravity anomaly 

which corresponds to a mass deficiency of -2 x 1019 grams, a nominal 

value slightly below the trend for young lunar craters (Figure 18) 

which may be due to a smaller density contrast associated with this 

highland crater. 

Discussion 

It is assumed that all of the lunar craters analyzed so far, in

cluding the seven young lunar craters in the previous chapter and the 

nine craters presented here, are a representative sample of other lunar 

craters of similar ages, diameters, and gross morphology. The basic 

morphologic distinction among the Copernican and Eratosthenian and 

the Imbrian and pre-Imbrian age craters have been summarized and con

trasted in the previous section in an effort to be aware of possible 

subsurface structural differences which may affect the density struc

ture or mass anomaly. The characteristic common to each of the lunar 

craters discussed here is that they are all relatively deep craters 

whose present floor is a few kilometers below the pre-impact level. 

Whatever processes have acted to modify these craters have not resulted 

in drastically reducing their depths to the extent exhibited in such 

craters as Ptolemaeus, Hipparchus, or Fra Mauro to be considered in 

the next chapter. 
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Figure 18. Comparison of 6M values determined for young lunar craters 

(Chapter IV) with upper bound values of 6M for unfilled Imbrian and 

pre-Imbrian age craters. The negative value of 6M for Piccolomini 

is also shown. The solid line is the same as shown in Figure 14. 
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The basic observation is that all seven of the young craters and 

one Imbrian age crater situated in the lunar highlands have negative 

Bouguer anomalies. As discussed in the previous chapter, these neg

ative anomalies are probably due to an increase in porosity of the 

lunar crust, presumably the result of brecciation and fracturing by 

the impact event. For the remaining Imbrian and pre-Imbrian age 

craters, at least 80% of the gravitational effect of this original 

porosity has been removed. It is proposed that this removal occurred 

either by a compaction process reducing the initial porosity or by 

the presence of a separate high density component resulting in a net 

zero mass anomaly. In the latter case this may be due to either intru

sion of magmatic material or isostatic uplift of the lunar mantle. 

These various mechanisms will be evaluated next. 

Isostatic Uplift 

The upwelling of the lunar mantle in response to the shear 

stresses generated beneath lunar craters, due mainly to the presence 

of the crater bowl, has been suggested as a mechanism to account for 

changes in crater depths and rim height with increasing crater age 

(Baldwin, 1970; Pike, 1967; Kunze, 1974) . This mechanism is analogous 

to the treatment of the glacial rebound p~oblem in terrestrial studies 

(e.g., Walcott, 1970; McConnell, 1965), that is, there is a slow 

isostatic response of the planetary interior relieving the differential 

stresses produced by uncompensated surface loads. Craters 
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produce predominantly negative (i.e., upward) surface loads which, 

depending on the rheologic behavior of the lunar crust and upper 

mantle, may result in a net upward movement of higher density mantle 

material displacing crustal material. This net upward flow of higher 

density mantle material to an isostatic state should produce a sys

tematic variation in the observed r1ass anomaly with crater diameter. 

This variation has been calculated for the Imbrian and pre-Imbrian 

age craters considered here assuming a depth of sixty kilometers to the 

lunar mantle and estimating the amount of uplift necessary to relieve 

the differential stresses at this depth produced by the crater bowl 

and by the presence of the low density breccia lens. This depth was 

chosen since this is, presumably, the location of the major density 

contrast in the outer regions of the Moon, and, hence would primarily 

be responsible for the isostatic relief of interior stresses. The 

expected Bouguer gravity anomalies, assuming a completely isostatic 

state, for the orbits across these craters listed in Table I, includ

ing the contribution of the breccia lens, would range from -20 milli

gals for Macrobius to +30 milligals for Neper to +70 milligals for 

Humboldt, a trend clearly distinguishable from the zero Bouguer anom

ali~s observed for each of these craters (see Table VI). 

Amending these assumptions to include the possibility of a deeper 

depth of compensation would have the effect of increasing the value of 

the expected Bouguer anomaly at a greater rate with crater diameter 

than that determined in the above calculation. This would result, 
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assuming a threshold stress, since a deeper depth of compensation would 

act to preferentially relieve the stresses and, hence, produce more 

uplift, beneath craters of larger diameter or greater spatial extent. 

Similarly, partial compensation of these craters will have this same 

effect since the degree of compensation will increase, at a faster rate 

with crater diameter than in the calculation given above, again _,,, 

assuming a threshold stress and assuming a viscous response in which 

the amount of relaxation will be inversely related to the wavelength 

(McConnell, 1965). 

In view of this, no support is found for a significant amount 

of isostatic upwelling of higher density lunar mantle material beneath 

any of these lunar craters. 

Volcanic Intrusion 

As mentioned earlier, where such relationships do occur, each of 

the Imbrian and pre-Imbrian age craters which have zero Bouguer anoma

lies also predate the last occurrence of surface volcanism in that lo

cale. For three of the largest craters dark volcanic units partially 

or totally cover these crater floors, however, the amount of this 

extruded material is in each case insufficient by itself to mask the 

negative gravitational effect of the porous brecciated region. So 

that, if a volcanic process is responsible for the observed net zero 

Bouguer anomalies, then most of the higher density component must 

have been intruded beneath the crater, presumably into the cracks and 
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fractures produced by the impact. 

A simple model of passive fluid flow through a porous medium 

under hydrostatic pressure, similar to the movement of groundwater 

on the Earth, is an inadequate mechanism for the transport of magma 

through a planetary crust (Turcotte and M~rn, 1978) since heat is 

rapidly transferred from the melt to the surrounding cold rock re

sulting in solidification of the magma and a halt to its migration. 

To illustrate, the velocity, v, at which a fluid will migrate through 

a porous medium, is given by Darcy's law (DeWiest, 1965) " 

V = kpg/~ (22) 

where k is the permeability of the porous medium, and p and~ are 

the density and viscosity of the fluid, respectively. The permeabi

lity will be a function of porosity and particle size. Maximum 

values measured for the permeability of natural materials range 

-5 -3 2 from 10 to 10 cm (Chow, 1964). This latter value corresponds 

to clean gravels with 20% porosity (Linsley et al., 1958). Using 

typical values for the density and viscosity of lunar magmas, 

p = 3.0 gm/cm3 

~ = 30 poises 

(Solomon, 1975) 

(Murase and McBirney, 1970) 

the velocity given by Equation (17) may be as great as 5 km/yr. So 

that it would take at least six years for magma to flow by this 

mechanism through a breccia lens thirty kilometers thick. However, 

the minimum crack size which would allow the magma to migrate at this 
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rate over this distance without solidifying by conduction of heat to 

the surrounding cold crust in this time interval i.s determined from 

the diffusion equation to be ~10 meters (Jaeger, 1968), probably an 

absurdly large value for the major void space beneath these craters. 

The transport of magma through a planetary crust requires the forma

tion of large igneous bodi.es and structures, such as dike, sill, and 

sheet complexes, to overcome this transfer of heat away from the 

magma. 

The intrusion of sufficient quantities of magma may deform and 

fracture the crust. Indeed, several investigators have suggested 

that the major floor fractures in many lunar craters, such as Humboldt 

(Figure 16), and the anomalously low depth/diameter ratios of many 

of these same craters may be the surface expression of intrusive 

activity (Whitford-Stark, 1973; Schultz, 1976). 

If it i.s assumed that the uplift of the crater floor is due to 

the intrusion of magma into a horizontal sill, then it is possible 

to estimate the amount of intruded material necessary to balance the 

gravitational effect of the low density breccia lens and predict the 

expected amount of floor uplift. Compaction of the porous brecciated 

region by this predominantly horizontal intrusive geometry is assumed 

to be negligible since the vertical stresses produced are probably 

insufficient to compact the overlying crust. The mass anomaly con

tributed by the breccia lens, 6Mbr' is given by Equation (16) 
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3 
6pbr = -0.4 gm/cm 

(16) 

where Dr is the crater rim diameter and 6pbr is the density contrast 

between the breccia lens and normal lunar crust. Modeling the geom

etry of the horizontal sill as a right cylinder with a diameter equal 

to the crater rim diameter, the contribution to the mass anomaly will 

be 

6M ~ TT 6p. t D 2 
in 4 in r 

(23) 

where 6p. is the density contrast between the solidified intruded in 

material and normal lunar crust and tis the average thickness of 

the sill. In order to result in a new zero mass anomaly, these two 

contributions must be of similar magnitude. 

-6M.. ~ 6M ~or in 

3 Using a value of +0.6 gm/cm for 6pin' the thickness of the sill, 

and the expected amount of uplift of the crater floor,will be 

t ~ (1/6)(6pb /6pi) D = (1.10) D • r n r r 
(24) 

For a 100 kilometer crater, the uplift will be ~10 kilometers, a 

value much in excess of the original depth of the crater and much 

larger than the one to two kilometer maximum uplift of the floors 

of Petavius and Humboldt estimated from a comparison of their present 

depths (~2 km) with the depths of young lunar craters (~4 km) of a 

similar diameter range (Pike, 1974). 
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The situation is worse for the crater Neper, whose present rim

to-floor depth (4.4 km) is comparable to depths of younger lunar 

craters. The broad doming of the floor of this crater, revealed by 

the lunar sounder profile (Elachi et al., 1976) ~ is the only evidence 

of vertical uplift associated with the floor of this crater. Assum

ing that this domical structure is the result of magmatic intrusion, 

the volume necessary to produce the observed amount of doming may be 

estimated. Treating the lunar crust as an elastic half space and 

modeling the intrusion as a spherical cavity, the vertical deforma-

tion, 6h, will be (Magi, 1958) 

3 a 36P 
4µ. 

f (25) 

where a is the radius of the sphere, 6P is the change of the hydro

static pressure in the sphere, f is the depth to the center of the 

sphere from the surface, r is the radial distance, andµ. is the 

rigidity of the lunar crust. For an incompressible medium, integra

tion of the above equation gives the volume of the intruded material 

in terms off and the maximum amount of uplift, 6~. 

2 
6 V = 2nM11AX f (26) 

If the radial distance at which the vertical deformation falls to 

one-half its maximum value, ri, is known, then f may be determined 
2 

independent of the other parameters. 
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(27) 

For Neper, from the lunar sounder profile (Elachi et al., 1976) 

Ll\wc = 0.2 lan 

r 1 = 30 km 
2 

f = 40 km 

so that LlV = 1800 km
3

• 

Again assuming a density contrast of +0.6 gm/cm3, the contribution 

18 of the intruded material to the mass anomaly will be +1 x 10 grams, 

a value much too small to balance the mass deficiency of -2 x 10
20 

grams, estimated from Equation (16), contributed by the breccia lens. 

Part of the difficulties presented by the above two calculations 

may be removed if the geometry of the intrusion resulted in princi

pally an outward radial deformation or compression with only a minor 

component of vertical movement. This may be accomplished if most of 

' the material was intruded as vertical or slightly inclined sheets 

somewhat analogous to the emplacement of cone-sheets (Anderson, 1936). 

It is difficult to make simple estimates of the amount of surface 

deformation expected from this intrusive geometry and, hence, to 

determine whether there should be a noticable amrrnnt of surface 

displacement. 

A magmatic stoping process (Daly, 1903; 1933), which requires 

a continual replenishing of hot material as the magma r·ises to the 
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surface, combined with localized injection of magma into and partial 

assimilation of the brecciated regions of the lunar crust is an al

ternative means to fill most of the pore space of the breccia lens 

without major surface disturbance or uplift. A stoping · process is 

invoked in terrestrial studies to account for the intrusion of mag

matic material without significant deformation of the country rock, 

however, a pure stoping process is believed to be responsible for 

only the completion of the intrusive process (Daly, 1933). Magmatic 

stoping may be more efficient in the lunar crust due to the lower 

viscosity of the lunar magmas (Murase and McBirney, 1970), which 

would more readily allow for the renewed supply of hot magma to the 
I 

\ 

front of the intrusion. However,the higher density of the ' lunar 

magmas compared to the density of the lunar crust (Solomon, 1975) 

will not allow portions of the lunar crust to fall through the magma, 

instead they will float upon the magma reservoir. 

A possible remaining difficulty with the volcanic hypothesis 

as a mechanism for explai.ning the lack of negative mass anomalies 

associated with the Imbrian and pre-Imbrian age craters is the 

presence of zero mass anomalies associated with two pre-Imbrian 

highland craters, Sacrobosco and Pasteur, which show no recognizable 

floor fractures or volcanic units. For these two cases, either the 

amount of intruded material was comparable in intensity to that 

associated with Neper and Humboldt, but did not result in any surface 

expression of this activity, or a different mechanism must be 
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invoked to remove the initial negative gravity anomalies associated 

with these highland craters. An alternative mechanism is discussed 

in the next section. 

Seismic Shaking 

Much attention has recently been paid to the modification of 

lunar surface features by seismic waves produced by large impacts 

(Schultz and Gault, 1975; 1976). Though the seismic efficiency of 

these events is low, there is sufficient energy in an Imbrium-size 

event to globally affect the lunar crust (Hughes et at., 1977). In 

this section the possibility will be explored that seismic waves 

produced by these events were capable of compacting the porous 

brecciated regions beneath the older lunar craters and, subsequently, 

removing the negative gravity anomalies. 

Experiments show that the ability to reduce the porosity, n, 

by vibration is determined by the acceleration ratio, (a/g), where 

a 'is the acceleration and g is the surface gravity, and also by the 

coefficient of vibratory compaction, a (Barkan, 1962), which depends 

on the grain size and the confining pressure. For loose sand under 

no confining pressure 

a~ 0.4 to 0.8. 

Almost complete compaction will be accomplished by a single seismic 

event (Newmark and Rosenblueth, 1971). For a medium of low porosity 

the above parame ters are related to the initial and final porosities 

in the following manner. 



= n. 
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exp [ - a (al g)] (28) 

If the initial porosity beneath lunar craters is 15% and if approxi

mately 80% of this must be removed to give undetectable mass anomalies, 

a(a/g) ~ 2. 

Using an intermediate value of a for loose sand, determined from 

laboratory measurements, then 

(a/g) ~ 4. 

Values of a for other particle sizes are not available, however, 

qualitatively, the larger particle size associated with the porous 

breccia lens of impact craters will probably decrease a and increase 

the required acceleration ratio. The effect of confining pressure 

will be to increase a, and, hence, decrease the required accelerations 

for compaction, so that this mechanism is more efficient at greater 

depths in the Moon. 

From measurements of large underground explosions (Carder and 

Cloud, 1959), seismic waves produced by these events having periods 

of 0.5 seconds or greater will have amplitudes of 

A (cm)~ 4(a/g). 

For the required acceleration ratio, the amplitudes must be of the 

order of a few centimeters over most of the Moon. Extrapolating 

the impact-generated ground motion studies of Latham et al. (1970) 
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and using their one-third energy scaling relation, these amplitudes 

require minimum impact energies of ~1032 ergs, tha t is, an Imbrium 

size event (O'Keefe and Ah:rens, 1976). 

The above estimates merely demonstrate the possibility that the 

seismic energy generated by an Imbrium-size event may be capable of 

reducing the initial porosity beneath lunar craters. The largest 

uncertainty is in the appropriate value to be used for the parameter 

This seismic mechanism may not only account for the zero mass 

anomalies associated with the pre-Imbrian craters but also with the 
.I 

Imbrian craters discussed in this chapter since relative age relation-

ships do not rule out the possibility that these Imbrian craters 

predate the Orientale event and, in many cases, may also predate 

the Imbrium event. However, a difficulty with any type of compaction 

process invoked to remove the initial porosity associated with these 

craters is that this must result in a large subsidence of the crater 

floor. For a 100 kilometer crater the floor must have subsided 

roughly two kilometers below its original level; a result apparently 

inconsistent with the present depth/diameter ratios for these craters, 

though this difficulty may be alleviated by a simultaneous shallowing 

of the crater by the inward collapse of the crater walls initiated by 

the same strong ground motion. 
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Sunnnary 

The Bouguer gravity or mass anomalies associated with the Imbrian 

and pre-Imbrian age craters analyzed here are very different from the 

values of the mass anomalies associated with younger lunar craters 

discussed in the previous chapter. In the l a tter case a negative 

mass anomaly (i.e., a low density region) had previously been shown 

to be associated with each of these features, presumably due to an 

increase in porosity resulting from brecciation of the lunar crust 

by the impacts which formed these craters. One Imbrian age crater 

situated in the lunar highlands, Piccolomini, far removed from any 

clearly identified evidence of surface volcanism, also has a negative 

anomaly of similar magnitude to the mass anomalies of the younger 

lunar craters. This crater also appears to be younger, or at least 

less modified, than the other craters considered in this chapter. 

The Bouguer gravity anomalies for each of the remaining Imbrian and 

pre-Imbrian age craters are zero, that is, there is no detectable 

net mass excess or deficiency associated with any of these features. 

The cause for this change in the value of the mass anomaly with 

increasing crater age is expected to be related to the more modified 

appearance of these craters. The processes responsible for the post

impact modification of these Imbrian age craters may also be respon

sible for removing the negative mass anomalies initially associated 

with these features. 
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Several investigators have previously suggested that these mod

ifications were the result of an isostatic process which relieves the 

differential stresses produced at depth by the initial crater bowl. 

This mechanism would predict a systematic increase in the mass anom-

aly with crater diameter, a trend which would be clearly distinguish

able from the zero Bouguer anomalies observed independent of crater 

diameter. The absence of this trend argues against the modification 

of lunar craters by this process. 

The intrusion of higher density volcanic material into the cracks 

and fractures beneath these impact craters may be responsible for part 

or all of the net zero mass anomalies associated with Imbrian and 

pre-Imbrian age craters. This mechanism is particularly attractive 

since surface volcanism postdates the formation of each of the Imbrian 

age craters which have zero mass anomalies and since the absence of 

surface volcanism could account for the negative mass anomaly asso

ciated with the one Imbrian age highland crater analyzed, Piccolimini. 

However, this mechanism cannot operate simply by the passive rise of 

magma under hydrostatic pressure, as was suggested by Minear (1977), 

since the magma would have solidified before rising any substantial 

distance within the breccia lens. Furthermore, the required volume 

of high density intruded material necessary to balance the gravita

tional effect of the porous breccia lens cannot be provided by the 

observed amounts of crater floor uplifts. So that, a difficulty 

with the volcanic mechanism is that the amount of intruded material 
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must have been sufficient to balance the gravitational effect of the 

porous brecciated region without completely shallowing the crater. 

This requirement may be circumvented either by an intrusive geometry 

similar to terrestrial cone-sheeting or by a large scale magmatic 

stoping process which might operate more efficiently on the Moon 

due to the lower viscosity of the lunar magmas. A possible remaining 

difficulty with a volcanic mechanism is that there are two pre-Imbrian 

age highland craters which show no evidence of intrusive or extrusive 

volcanic activity. In these cases, either the amount of intruded 

material was comparable to that associated with the other Imbrian and 

pre-Imbrian craters, but did not result in any surface expression 

of this activity, or a different mechanism is responsible for remov

ing the negative gravity anomalies initially associated with these 

craters. 

A possible alternative mechanism is the seismic shaking of the 

lunar crust resulting from the formation of the last multiringed 

basins (Orientale and Imbrium). Rough estimates of the g-forces gen

erated by these events suggest that accelerations a few times the 

lunar surface gravity may have been produced throughout most of the 

crust. At depths greater than a few kilometers, these accelerations 

may be sufficient to remove by compaction most of the initial porosity 

associated with the brecciated regions beneath these older craters. 

The lack of clear relative age relationships between these craters 

and the last two impact basin-forming events allows this to be a 
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possible mechanism for removing the porosity beneath the craters 

presented in this chapter. However, the difficulty with any compac

tion process is that the present floors of these craters should have 

subsided~ 2 kilometers below the original floor levels; an amount 

inconsistent with the present depth/diameter ratios for these craters, 

though this difficulty may be alleviated by a simultaneous shallowing 

of the crater by the inward collapse of the crater walls initiated by 

the same strong ground motion. 
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CHAPTER VI 

SHALLOW LUNAR CRATERS 

A second class of older lunar craters considered in this work 

are those which have crater depths much shallower than the depths of 

young lunar craters of the same diameter range. Of this class there 

are only two craters which have adequate topographic and gravity data 

coverage to determine a usable Bouguer gravity anomaly: Ptolemaeus 

and Hipparchus. The shallow crater Fra Mauro will also be considered 

in this chapter since it has a detected free-air gravity anomaly 

(Sjogren et al., 1974b) and since its geologic setting is very dif

ferent from Ptolemaeus and Hipparchus. However, a radar topographic 

map is not yet available for Fra Mauro, so that topography derived 

from shadow measurements (Pike, 1976) must be used to place some 

restriction on the Bouguer gravity, but this is inadequate to compute 

a detailed topographic correction to the free-air gravity. 

The nature and characteristics of the crater fill material res

ponsible for the anomalously low depth/diameter ratios of these 

craters, an constrained by the lunar gravity data, in the main pur?onc 

of this chapter. A description of these craters is followed by a 

presentation of the Bouguer gravity and by a discussion of these 

results in terms of the results determined in the previous two chapters 

for other lunar craters. 
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Description 

Ptolemaeus and Hipparchus are pre-Imbrian in age since they are 

both clearly superposed by radial Imbrium Basin sculpture (Figure 19), 

though their relative ages with respect to the older lunar basins, in 

particular Serenitatis, is not clearly defined. Both of these craters 

lie within the nearside central lunar highlands within a crater dia~-

eter of mare regions whose emplacement postdates the formation of 

these craters. The circu]ar rim structure of Ptolemaeus is almost 

completely unbroken, though it has been severely eroded by many small 

(~l km) impacts (Figure 20). In contrast, major sections of the rim 

of Hipparchus have been totally removed by medium-sized impacts 

(~10 km) which suggests that Hipparchus (Figure 21) is significantly 

older than Ptolemaeus. 

The major feature of these two craters which makes them distinct 

from most other lunar craters, especially those which belong to the 

youngest age class, that is those which are the least modified, are 

the very shallow depths of these craters for their diameters. 

Ptolemaeus has a rim-to-floor depth of 1.8 kilometers and Hipparchus 

a depth of 1.1 kilometers, much less than the 4.7 kilimeter depth 

of young lunar craters of 150 kilometer diameter (Pike, 1974). This 

difference requires accounting for crater fill material amounting to 

three to four kilometers. 

The floor levels of these two craters are approximately at the 

same level as Mare Nubium to the west and Sinus Medii to the north. 
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Figure 19. Lunar Orbiter photograph (IV-108-M) of the central lunar 

nearside. Ptolemaeus and Hjpparchus (150 km) are shown in the bottom 

of this picture and the Imbrium Basin in the upper left corner. The 

Imbrium sculpture, appearing as linear features radial to Imbrium, 

is apparent in this photograph. 
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Figure 20. Apollo 16 metric photograph (AS16-989) of Ptolemaeus. 

North is to the top. Pi.cture width is 170 kilometers. Note the 

smooth undulating appearance of the crater fill material. 
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Figure 21. Apollo 16 oblique metric photograph (AS16-839) of 

Hipparchus (150 km). View is approximately to the north. The 

rim of Hipparchus is much more broken by later impacts than 

Ptolemaeus (Figure 19). Note the many small scattered peaks 

interior to Hipparchus. 





125 

The floors of two nearby pre-Imbrian craters of similar size, 

Alphonsus and Albategnius, lie 0.4 and 1.2 kilometers respectively 

below this level. 

The floor material of Ptolemaeus and Hipparchus is characterized 

by a smooth slightly undulating surface with occasional small scattered 

peaks but no evidence of a dominating central peak, ruling out the 

possibility that this is simply the original crater floor uplifted to 

approximately the pre-impact level by some endogenic process, such 

as probably occurred at the crater Gassendi north of the Humorum 

Basin. This is further supported by the lack of rille .structures or 

floor fractures associated with these crater floors (Schultz, 1976), 

structural features also associated with the floor of Gassendi. This 

crater fill material has a relatively high albedo, much higher than 

that typical for lunar mare regions though less than much of the 

lunar highlands, and represents a highly cratered surface, older than 

most of the lunar mare (Wilhelms and McCauley, 1971). 

Prior to the return of lunar highland samples, these lunar light 

plains were interpreted to be the result of volcanic activity of a 

different character from the mare-style volcanism. However, the 

Apollo 16 landing, which was located at a site similar to the floor 

of Hipparchus, returned surface samples which were almost entirely 

impact-derived breccias (Muehlberger et al., 1972). Further studies 

have presented evidence for the origin of the lunar light plains by 
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fluidized ejecta deposited by the multiringed basins (Eggleton and 

Schaber, 1972), not the result of volcanic activity. In view of 

this, it may be expected that a sufficient thickness of low density 

material is deposited in Ptolemaeus and in Hipparchus to be detectable 

by the lunar gravity data. 

The geologic setting of the pre-Imbrian crater Fra Mauro is 

very different from Ptolemaeus and Hipparchus. Fra Mauro lies ad

jacent to and is partly superposed by mare material, though the major 

surface material is probably Imbrium ejecta, similar to the light 

plains within the other two craters (Wilhelms and McCauley, 1971). 

Fra Mauro is comparable in size (95 km) to Ptolemaeus and Hipparchus, 

and, hence, had a similar initial depth, though its present depth of 

fifty meters (Pike, 1976), determined from shadow measurements, is 

much less than that of the two shallow highland craters. Fra Mauro 

is also situated about the same distance from the center of the 

Imbrium Basin as Ptolemaeus and Hipparchus, so that, any significant 

difference in the Bouguer gravity anomalies associated with these 

three craters is presumably due to thei.r different post-impact histor

ies which is chiefly controlled by their geologic settings. 

Bouguer Gravity 

The Bouguer gravity for Ptolemaeus and Hipparchus was determined 

in the manner described in Chapter III and the resultant profiles are 

shown in the Appendix. This analysis indicates a negative Bouguer 

anomaly associated with each of these two craters. In the same manner 



127 

as previously presented for the other lunar craters, Table VII lists 

the total mass deficiency, 6M, and the possible range of this para

meter, 6M, for each of these two craters. As can be seen from this 

table, the uncertainties in determining the Bouguer gravity is very 

large so that a wide range of possible models will fit the data. A 

comparison of these values of 6M for Ptolemaeus and Hipparchus are 

shown with 6M for the young lunar craters in Figure 22. Note that 

even within the large range of uncertainty, the values of 6M for 

these two shallow pre-Imbrian craters are significantly less than 

that for the young craters. 

Employing the use of a simple model for these mass anomalies 

of a right cylinder 150 kilometers in diameter, that is, equal to 

-3 the crater diameter, gives a surface density of -0.85 gm-cm -km for 

the nominal values of 6M for both Ptolemaeus and Hipparchus and a 

-3 possible range from -0.3 to -2.5 gm-cm -km. For a density contrast 

-3 of -0.5 gm/cm , this corresponds to a range in thickness from 0.6 

to 5 kilometers. 

For Fra Mauro the nominal value for the surface density is 

considerably less. Modeling to the free-air gravity, a right cylinder 

with a diameter equal to the crater diameter gives a value for 6M of 

-1.6 x 10
18 

grams which corresponds to a surface density of -0.2 

-3 gm-cm -km, slightly beyond the allowable range for the two shallow 

highland craters. If there is as much as fifty meters of negative 
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Figure 22. Comparison of 6M values for Ptolemaeus and Hipparchus 

with values for young lunar craters and upper bound values of 6M for 

unfilled old lunar craters. The upper bound value of 6M determined 

from the free-air gravity for Fra Mauro (95 km) is also shown. 
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relief associated with Fra Mauro (Pike, 1976), then this is further 

reduced to -0.05 gm-cm- 3-km which, within the uncertainties in the 

gravity and topographic data, is essentially zero, suggesting a zero 

Bouguer anomaly associated with Fra Mauro. 

Discussion 

In the previous chapter, the analysis of two unfilled pre-Imbrian 

highland craters, Sacrobosco and Pasteur, indicated that these features 

had zero Bouguer anomalies. This implies that the gravitational effect 

of the porous breccia zones originally beneath these craters has been 

removed and, hence, suggests that the slight negative anomalies asso

ciated with Ptolemaeus and Hipparchus are not due to the breccia zones 

but due to another low density component, presumably the crater fill 

material derived from the ejecta of the Imbrium event. However, it is 

not possible to completely rule out the possibility that these slight 

negative anomalies are due entirely to remanent breccia lenses greatly 

reduced in porosity or in volume to the same degree as at the two 

unfilled high land era ters si nee the upper bound of AM for Sacrobosco 

and Pasteur are well within the range of possible values of AM for 

Ptolemaeus and Hipparchus (Figure 22). This possible detection of the 

remanent breccia lenses at Ptolemaeus and Hipparchus and the lack of 

detection at the other two pre-Imbrian highland craters would be due to 

the lower spacecraft altitude over the former two craters. 

However, the claim that these negative anomalies for Ptolemaeus 

and Hipparchus are due primarily to the crater fill material is sup

ported by the value for the upper bound of AM for Fra Mauro estimated 
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from the free-air gravity. Presumably, the low density crater fill 

material derived from material ejected by Imbrium is much thicker in 

Ptolemaeus and Hipparchus than in Fra Mauro, possibly due to the almost 

complete filling of Fra Mauro by mare material, similar to present day 

Plato or Archimedes, prior to the Imbrium event. Recall that at present 

there is a small patch of mare material within Fra Mauro which post

dates the deposition of the Imbrium ejecta. 
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CHAPTER VII 

GRIMALDI: LUNAR MULTIRINGED BASIN 

It has been known for the past ten years that large positive 

free-air gravity anomalies, called mascons, are associated with mare

filled nearside basins (Muller and Sjogren, 1968). The mascons are 

generally thought to be shallow disk-shaped masses due to the mare 

fill (Canel and Holstrom, 1968; Phillips et al., 1972) or to a 

mantle plug (Wise and Yates, 1970; Bowin et al., 1975), though the 

relative contribution of these two components has been debated. 

Previous studies have been restricted to only a consideration of the 

free-air gravity data since adequate topographic coverage has not 

been available over these features to yield Bouguer gravity anomalies. 

Further, the large size of the lunar basins previously considered 

did not allow for adequate depth discrimination of the anomalous 

mass components. These two major difficulties are partially circum

vented in the analysis of Grimaldi, the smallest known lunar mascon, 

since almost total topographic coverage is now available for this 

lunar basin and since the small size of this feature allows for a 

better discrimination of the depth of burial of the anomalous mass 

components. 

Included in this chapter will be a brief description of the 

geologic setting of Grimaldi, a summary of the lunar gravity and 

topographic data, and a comparison of the lunar gravity data with 

several model calculations proposed for Grimaldi based on inferences 
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made about the structure of this basin from the surface geology. The 

final section discusses the results for Grimaldi in view of the analyses 

of the Bouguer gravity anomalies associated with lunar craters presented 

in the preceding chapters. 

Description 

Grimaldi is a multiringed basin, partially filled by mare mater

ial, which lies near the western limb of the Moon between the larger 

Orientale Basin to the west and the vast mare covered region of 

Oceanus Procellarum to the east. The local geologic setting of 

Grimaldi is shown in Figure 23. A generalized geologic and tectonic 

map of this same region is shown in Figure 24. The inner ring lies 

slightly outside the dark central patch of mare material; the outer 

ring is best preserved to the south and southeast (Figure 25). The 

diameter of the inner ring is roughly 200 kilometers and that of the 

outer ring about 400 kilometers. The radar topographic map of this 

area (Figure 26) shows that the region within the inner ring is 1. 0 

to 1.5 kilometers below the level of the immediate surroundings and 

the region between the two ring structures probably lies no more than 

a few hundred meters from the pre-impact level. The mare interior 

to Grimaldi is at a level 1.0 kilometer below the mare in Riccioli to 

the northwest and the mare in Oceanus Procellarum to the east. 

Grimaldi is pre-Orientale in age since the Hevelius Formation 

which has been interpreted as impact ejecta from the Orientale event, 
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Figure 23. Lunar Orbiter photograph (IV-161- M) of a portion of the 

western limb of the Moon centered at (2 ° S, 65 ° W). North is at 

the top. Grimaldi is the basin near the center of the photograph. 

The Cordillera Mountains, which form the outer ring of the Orientale 

Basin, are to the lower left and Oceanus Procellarum is the vast 

mare region to the right. The picture width is 900 kilometers. 



136 



137 

Figure 24. Schematic geologic and tectonic map of the same region 

shown fn Figure 23 highlighting the concentric ring structures of 

Grimaldi, regional mare ridge and straight lunar rille patterns, 

regions of mare volcanism, and possible remanent ejecta facies 

associated with the Grimaldi event~ 
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Figure 25. Lunar Orbiter photographs (IV-161-HJ and IV-168-HJ) 

detailing the multiringed basin Grimaldi. North is to the left. 

Total picture width (east-to-west) is 350 kilometers. 
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Figure 26. Earth-based radar topographic (ERT) map of Grimaldi 

provided bys. Zisk of the Haystack Observatory (slightly modified). 

This topographic map covers approximately the same region shown in 

Figure 25. The original map contour interval was 200 meters. It is 

evident from these two fjgures that the topographic crater bowl of 

Grimaldi is constrained within the inner ring structure. 
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analogous to the Cayley Formation surrounding Imbrium (Eggleton and 

Schaber, 1972), superposes Grimaldi in the west (Wilhelms and McCauley, 

1971). Based on relative crater stat:lsti.cs Hartmann and Wood (1971) 

determined Grimaldi to be approximately contemporaneous with the 

Nectaris Basin. 

The inner ring of Grimaldi, which rises three kilometers above 

the level of the interior mare and to almost the maximum height reach

ed by the outer ring, resembles the outer Rook Mountains of the 

Orientale Basin in that it is composed of a partial angular ring of 

massifs which lie exterior to a small region (Figure 25) which may 

correspond to the corrugated facies described by Head (1974) for 

Orientale. This small region is laced with large surface cracks 

thoughr possibly due to the more advanced stage of degradation, 

lacks the pitted and crackled appearance exhibited at Orientale. 

Morphologically, the outer ring of Grimaldi is similar to the 

Cordillera Mountains, which form the outer ring of Orientale, in that 

they both have a steep inward facing continuous scarp which rises a 

few kilometers above the interior. A terrain similar to the domical 

facies between the outer Rook and the Corillera Mountains described 

by Head (1974), composed of rolling and hilly terrain with a slight 

radial texture and interpreted as fallback ejecta, also occurs between 

the inner and outer rings of Grimaldi to the northeast (Figure 25), 

though this may instead be a portion of the radial ejecta facies which 

surrounds the Orientale Basin (Moore et al., 1974). 
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The concentric two-ring structure of Grimaldi is not analogous 

to the two-ring structure of Schrodinger Basin (Figure 27), as had 

been suggested by Head (1977), since the outer ring of Grimaldi lacks 

any evidence of wall terracing which is w~ll developed at Schrodinger 

and since the inner ring of Grimaldi does not lie within the major 

central depression as does apparently the inner ring of Schrod inger. 

Instead, as mentioned earlier, the inner ring of Grimaldi surrounds 

the major central depression. At Schrooinger the inner ring is 

probably a ring of expanded e:€ctral peaks and the outer ring is the 

crater rim crest modified by terracing (Head, 1977). At Grimaldi 

there is no identifiable central peak ring lying within the central 

depression possibly due to the more advanced stage of degradation 

or more extensive interior volcanic flooding of Grimaldi than at 

other basins. On the basis of a comparison of the topography and 

the morphology of Grimaldi with Orienta le and Schro•dinger, the inner 

ring of Grimaldi is interpreted to approximate the erater rim crest. 

The regional setting of Grimaldi is dominated by the Orientale 

event. At a distance of 900 kilometers from the center of Orientale, 

Grimaldi lies near the transition from the radial to smooth facies 

change on the Orientale ejecta (Moore et al., 1974). The radial 

facies is the result of a depositional process which partially filled 

pre-existing craters. Assuming that these craters had original 

depths similar to those of young lunar craters of the same diameter 
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Figure 27. Lunar Orbiter photograph (IV-008-M) of Schroainger 

Basin (320 km diam) located in the center of this picture. North 

is approximately to the top. Note the inner ring of discontinuous 

peaks and the terracing of the interior wall of the outer ring. 
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range, Moore et al. (1974) have estimated the thickness of the 

Orientale ejecta at the distance of Grimaldi to be 0.5 to 1.0 kilo-

meters. The origin and extent of the smooth facies is somewhat 

uncertain (Moore et al., 1974). The occurrence of lobate scarps in 

the smooth plains allows a thickness of a few hundred meters to be 

measured for individual uni.ts within this facies. 

The post-impact history of the Grimaldi region is dominated 

by three events. The first is the formation of the large Orientale 

Basin to the west which not only deposited material at Grimaldi rang

ing in thickness from a few hundred meters to a kilom~ter but also 

probably greatly modified the pre-existing tectonic grid of the 

western limb of the Moon. A second major geologic event was the 

vast volcanic flooding of Oceanus Procellarum to the east and the 

extrusion of isolated pockets of volcanic material in the highlands, 

including volcanic flooding of the region interior to the inner ring 

of Grimaldi, and the possjbility of major intrusive activity through

out this region. Evidence for the earlier occurrence of volcanic 

activity at Grimaldi would have been mostly destroyed by the Orientale 

event. The age of the last flow units which cover the region within 

the inner ring of Grimaldi are estimated from crater statistics to be 

9 3.0 ± 0.1 x 10 years (Boyce, 1976), contemporaneous with the last 

major volcanic flooding of O::eanus Procellarum and representing some 

of the youngest volcanic units on the surface of the Moon. The 
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third major event is the formation of straight lunar rilles, which 

are interpreted to be the result of a tensional stress field, through

out most of the lunar highlands around Grimaldi, though a direct 

relationship with this basin is not appa rent. Most of the strati

graphic evidence indicates that the formation of most of these rilles 

postdate Orientale and predate the emplacement of the mare, however, 

earlier rilles may have been destroyed or covered by the Orientale 

event. In a few cases, particularly the isolated patches of mare 

material in the highlands such as Riccioli, lunar rilles postdate 

the mare material. Young craters which are superposed on these 

rilles are undisturbed by them. 

There is no surface evidence of major long-term adjustment of 

the lunar crust to the Grimaldi event. The outer ring structure 

has not deformed or disrupted lunar rilles which formed after 

Grimaldi and has not deformed mare material in Oceanus Procellarum 

emplaced across an extensjon of the outer ring structure. Several 

mare rjdges are present in the mare interior to Grimaldi. These 

may be compressional features (Baldwin, 1968) or possible source 

regions (Strom, 1972) for the mare material. The interior of 

Grimaldi lacks any other structures, such as, irregular depressions 

or modified floors of sma ll craters, which could be interpreted as 

possible source regions (Fjgure 25). The lack of identifiable flow 

fronts may be the result of a combination of factors controlling 

the rate of extrusion of lava (Schaber et al., 1976) resulting in 

many thin flows of large areal extent. 



150 

Model Calculations 

In this section the results of several model calculations are 

compared with the Bouguer gravity. The various components for the 

anomalous masses are assumed to be circularly symmetric with respect 

to Grimaldi. The components of the regional gravity field contributed 

by the mare material in Oceanus Procellarum or the Orientale ejecta 

blanketing Grimaldi have not been taken into account, though they 

will contribute to the backgrourd level of the lunar gravity field. 

Since regional components to the local gravity field are not being 

considered, all model calculation are adjusted to an arbitrary back

ground level to best reproduce the peak-to-peak variation in the 

Bouguer gravity. 

In these calculations the shape of each proposed anomalous mass 

component is prescribed and the density contrast required to reproduce 

the Bouguer gravity is solved from the gravity data. The geometry 

of each component has been taken to be either a right cylinder or 

a truncated cone. When the thickness of the cylinder or cone is 

much smaller than its diameter, for a particular diameter and depth 

of burial of that component, the density and thickness cannot be 

determined independently, only the density-thickness product. 

A study of the Lunar Orbiter photograph shown in Figure 23 and 

the accompanying map in Fi.gure 24 reveals several geologic units 

which may have different bulk densities due to either compositional 

·-or poro sity variations. The density of most of the lunar crust, 
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determined from the low harmonics of the gravity field, is probably 

3 in the range of 2.7 to 2.9 gm/cm (Solomon, 1974; Bills and Ferrari, 

1977), though regions of the upper crust may be slightly less dense 

due to the continual process of cratering. Laboratory measurements 

of the bulk density of lunar samples returned from the mare regions 

of the Moon give values in the range of 2.9 to 3.4 gm/cm3 (Talwani 

et al., 1973). Densities of returned highland samples are less and 

3 range from 2.4 to 2.8 gm/cm. At the lower end of these highland 

density values are samples which were probably crushed and fractured 

and subsequently ejected by impact events. The bulk density of 

impact ejecta may be considerably less, 2.0 gm/cm3, since this may 

consist of a significant volume of fine grain material. At most, 

the thickness of this ejected material from the largest impacts on 

the Moon is estimated to be a few kilometers (Short and Forman, 1972; 

McGetchin et al., 1973) and occurs as patches of light plains 

materi.al surrounding the most recent multiringed basins. In addition, 

it has been suggested that there is a possible component to the 

gravity anomaly of lunar mascons contributed by the lunar mantle 

(Wise and Yates, 1970). Since the lunar mantle comprises the bulk 

of the volume of the Moon, its density must be close to the mean 

density of the Moon, that is, 3.4 gm/cm3 (Bills and Ferrari, 1977). 

In summary, there are three possible components associated with 

Grimaldi which have densities which are anomalous to the density of 

the· normal lunar crust. Briefly stated, the central mare fill and 
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associated intrusive material may have a density constrast with the 

lunar crust of +0.1 to +1.0 gm/cm3, the density contrast between the 

lunar mantle and crust is probably in the range of +0.6 to +1.1 

3 gm/cm, the density contrast of the low density component due to 

material crushed and brecciated by the impact may be as much as 

3 3 -0.4 gm/cm, and that due to ejected material as much as -0.8 gm/cm 

corresponding to an increase in porosity of 30%. 

In each of the calculations to be presented, a component has 

been included which represents the mare fill with various combina-

tions of possible contributions from ejecta or brecciated material 

and from the lunar mantle. Each of these calculations are compared 

with the Bouguer gravity profile shown in Figure 28. The character

istic of each model will be discussed shortly. Similar results to 

those shown in Figure 28 have been obtained for the other orbits 

used in this analysis, so that, within the uncertainties of this 

analysis, the various models shown in Figure 28 cannot be distin

guished by the inclusion of multiple orbits. 

The simplest model shown in Figure 28 has only one component 

which represents the circular mare fill in Grimaldi. This model 

requires at least fifteen kilometers of mare fill to account for the 

magnitude of the gravity anomaly. This is rejected as a reasonable 

model since a comparison of the present depth of Grimaldi (1.0 km) 

with the depths of unfilled lunar basins, such as Mendeleev (6 km, 

Kaula--et al., 1973), gives a maximum estimate of three to five 
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Figure 28. A comparison of the Bouguer gravity profile across 

Grimaldi with the results of several model calculations described 

in the text. 
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kilometers for the thickness of mare material within Grimaldi. 

Further, this single component model is unable to fully reproduce 

the eastern end of the Bouguer gravity profile. 

The next model listed in Figure 28 attempts to reduce the amount 

of required mare fill to a reasonable value by the addition of a 

separate high density component representing a mantle plug at a 

depth of sixty kilometers. However, the introduction of a high 

density component at any depth has the consequences of broadening 

the gravity profile as shown in Figure 28. What is also required 

is a component which can narrow the gravity signature. This can be 

accomplished by a ring or annulus of low density material such as 

that which may be contributed by the ejecta deposited by the forma

tion of Grimaldi. 

For these calculations, the region between the two concentric 

rings is taken as the extent of the bulk of ejecta surrounding 

Grimaldi, that is, the maximum lateral extent continues outward 

approximately one crater radius beyond the rim crest, a scaled 

distance similar to the lateral extent of the continuous ejecta 

aroung large lunar craters (Gault et al., 1975). Ejected material 

certainly extends beyond this distance and must comprise most of 

the relief of the outer ring since structural uplift of the rim is 

confined to occur within one-half a crater radius of the rim crest 

(Roddy et al., 1975; Carlson and Jones, 1965). By increasing the 
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maximum radial extent of this annulus in these model calculations, 

a lower areal density would be determined such that the net mass 

deficiency of th:i.s component would remain approximately constant. 

A low density component may also be present within the inner ring, 

however, the gravitational effect of this component is being masked 

by the mare fill. For a model consisting of only the mare fill and 

a ring of ejecta, it is possible to adequately reproduce the observed 

gravity signature (Figure 28), but again this requires an unrealistic 

amount of mare fill, approximately twenty kilometers. 

The fourth model calculation shown in Figure 28 is a combination 

of all three components. This gives a realistic value for the amount 

of mare fill and adequately reproduces the gravity profile. The 

details of this model are shown in Figure 29. It consists of three 

to five kilometers of mare fill surrounded by a very thick low den-

-3 sity ring with a surface density of -2 to -4 gm-cm -km. The third 

component is a high density plug of material here interpreted as 

uplifted lunar mantle material. The lateral extent of this third 

component is poorly constrained by the gravity data, however, if it 

is confined to lie within the inner ring then it has a vertical 

relief of twenty to thirty kilometers. 

By fixing the amount of mare fill to that determined by the 

fourth model described above, that is, four kilometers, there is a 

slight trade off between the other two anomalous mass components. 
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Figure 29. Schematic cross-section of Grimaldi determined from 

the gravity data and consistent with the surface geology, Hori

zontal and vertical scales are the same. 
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Modeling the mantle plug as a thin disk with a 100 kilometer radius 

and the ejecta as a thin annulus with inner and outer radii of 100 

and 200 kilometers, respectively, the acceptable variation in the 

density-thickness product of these two components necessary to re

produce the Bouguer gravity profile is listed in Table VIII. The 

pre-mare isostatic model, that is the model in which the density

thickness product of the mantle plug and the pre-mare crater bowl is 

approximately equal, is indicated. In this calculation, the pre

mare crater depth was taken to be five kilometers and the density of 

3 the lunar crust to be 2.8 gm/cm. All other acceptable models listed 

in Table VIII are sub-isostatic, that is, there is insufficient 

high density material at depth to balance the interior differential 

stress produced by the crater bowl, before the emplacement of the 

mare material. Assuming a value for the density contrast between 

the lunar mantle and crust, a mass balance calculation can be per

formed to determine the thickness of the ejecta and the density 

contrast between the ejecta and the lunar crust. A pre-mare crater 

depth of five kilometers gives a crater volume of 1 x 105 km3. 

The volume of the mantle plug and the corresponding thickness of 
ejecta have been determined and are listed in Table VIII . In all 

cases, the ejecta thickness must be several kilometers. By extending 

the outer radius of the low density annulus to 250 kilometers, the 

thickness of this component can be reduced by 40%. And from the density

thickness product for the annulus of ejecta, a density contrast may be 

-~asily computed (Table VIII) and compared with expected values discussed 

earlier . 
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TABLE VIII 

GRAVITY MODELS FOR GRIMALDI 

Density-thickness product 

Ejecta Ring -4 -3 

Mantle Plug 10 13 

Volume of Plug 4 X 105 km3 5 X 105 

3 
(Lip= +0.7 gm/cm) 

Ejecta Thickness 6 km 6.5 

Lip ejecta -0 . 7 gm/cm 3 -0.5 

*Isostatic model 

-3 (gm-cm -km) 

-2 

16* 

9 X 105 

7 

-0.3 
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Discussion 

An analysis similar to the one presented here for Grimaldi has 

been conducted for Orientale by Sjogren and Smith (1978). However, 

since adequate topographic coverage of the Orientale Basin was not 

available, they restricted their analysis to a consideration of only 

the free-air gravity. They also proposed a three component model for 

Orientale consisting of the same components presented here for 

Grimaldi, that is, a central thin surface disk representing the 

interior mare surrounded by a low density ring and a third component 

of high density material placed at depth. They interpret the low 

density ring as due to the topographic low of the basin structure. 

Part of this component may also be due to ejecta deposited around 

the basin by the Orienta]e event. 

Up to now the high density region at depth has been interpreted 

to be due to lunar mantle material uplifted beneath the basin. An 

alternative interpretation is that this represents intruded igneous 

material. Erlich et al.(]974) have proposed this as an explanation 

for all lunar mascons drawing upon a possible similarity with the 

densely intruded crustal material beneath terrestrial volcanic cald

eras. However, this explanation for lunar mascons does not account 

for both the association of these positive anomalies with only mare

filled multi.ringed basins and the presence of zero Bouguer gravity 

anomalies with old lunar craters (see Chapter V), some of which are 
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comparable in size to Grimaldi and includes one whose floor is com

pletely covered by mare material. 

An adequate explanatjon for the association of high density 

material with lunar basins should also account for the absence of 

this same component beneath large lunar craters of comparable size. 

The diameters (~200 km) and depths (~3 km) of the lunar craters 

Pasteur and Rumbolt are similar to Grimaldi, taking the inner ring 

structure of Grimaldi as the crater diameter in accordance with the 

arguments presented earlier in this chapter. Since all three of 

these impacts resulted in similar size craters, the basic difference 

in their structures is the presence of an outer concentric ring 

around Grimaldi. The morphology of this outer ring, a steep inward 

facing slope of a few kilometers relief, suggests that this feature 

represents a fault scarp. A similar interpretation has been made by 

Hartmann and Wood (1971) for the origin of the outer rings around 

other lunar basins. From an examination of large terrestrial impact 

structures, the absolute displacement along this scarp is predomin

antly with the region between the inner and outer rings downward and 

collapsing inward toward the crater bowl uplifting the central portion, 

which for Grimaldi includes uplifted material of the lunar mantle, in 

a manner similar to that described as floor failure by Melosh (1977). 

The amount of vertical uplift at Grimaldi is probably twenty to thirty 

kilometers, approximately 10% of the crater diameter, a proportional 

,- amount to that determined for the amount of uplift associated with 

several terrestrial impact structures (Howard et al., 1974). 
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-summary 

Grimaldi is a small multiringed basin lying on the western limb 

of the Moon. It has the notoriety of being the smallest known lunar 

j 

mascon. This distinction enables the use of the existing lunar grav
,-1 

~ty and topographic data to better define the subsurface structure 

of these types of lunar features. In rough numbers, the present 

free-air gravity over Grimaldi at an altitude of 70 kilometers is 

+60 milligals (Table IX). The crater bowl contributes -30 milligals 

so that the present Bouguer gravity has a value of +90 milligals. 

If the basalt fill (three to five kilometers) is stripped away, then 

the pre-mare free-air gravity was -120 milligals, the crater bowl 

contributed -190 milligals leaving a positive Bouguer anomaly of 

some +70 milligals. Furthermore, if Pasteur and Humboldt, two lunar 

craters of similar diameters to Grimaldi, were filled with mare mat

erial to the same depth as is presently within Grimaldi, that is, 

one kilometer below the pre-impact level, these two craters would 

still have slightly negative free-air gravity anomalies of -10 to 

-20 milligals at an altitude of 70 kilometers; they would not be 

mascons. The association of a positive Bouguer anomaly with a 

multiringed basin and the lack of positive anomalies associated with 

large lunar craters, comparable in size to Grimaldi, suggests that 

this component was produced in connection with the formation of the 

concentric ring structure. Possibly this positive anomaly is due 

to higher density lunar mantle material centrally uplifted by the 
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TABLE IX 

GRAVITY VALUES FOR GRIMALDI--PAST AND PRESENT 

(Spacecraft Altitude 70 km) 

Free-air Gravity 

Crater Bowl 

Bouguer Gravity 

Present 

+60 mgal 

-30 

+90 

Pre-Mare 

-120 mgal 

-190 

+70 
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inward collapse of material which formed the concentric outer ring. 

In order to fully reproduce the gravity data over Grimaldi, a third 

anomalous mass component is required consisting of a low density 

annulus which may represent several kilometers of ejecta surrounding 

Grimaldi. 
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CHAPTER VIII 

NON-IMPACT FEATURES 

Introduction 

In the previous four chapters, the gravity anomalies associated 

with lunar impact features, representing a wide range of sizes and 

ages, were discussed. In this chapter, the anomalies associated with 

two non-impact features, Lamont and Marius Hills, will be examined 

and viewed in terms of their inferred geologic histories and their 

association with various tectonic elements. These two sites are 

regions in the irregular lunar mare which, though they are very 

distinct from each other in their morphologic forms, are probably 

both locations of intrusive activity within the lunar crust. Both 

have positive free-air gravity anomalies associated with them and 

neither are obviously related to impact events, though their loca

tions may have been structurally controlled by major impacts early 

in lunar history. 

In turn, a description of Lamont and of Marius Hills will be 

presented and immediately followed by an analysis of the gravity 

data across each feature and a discussion of these results contrast

ing the different geologic and tectonic settings of each site. 
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LAMONT 

Description 

The Lamont structure, located in the southern half of the irregu

lar mare in western Tranquillitatis, is defined by a circular mare 

wrinkle ridge pattern surrounded by a set of radial or· linear mare 

ridges trending primarily north-south (Figure 30). The circular 

ridge pattern consists of two incomplete, roughly concentric rings 

with inner and outer diameters of 60 and approximately 120 kilometers. 

All mare ridges in this regj_on of the Moon are interpreted here as 

compressional features since their basic morphologic form-an intensely 

crumpled and irregular ridge crest, producing foreshortening of some 

small craters, superposed on a broader structural arch (Bryan, 1973)

is remjniscent of a predominantly east-west compressional stress 

field. More importantly, the interpretation of a compressional stress 

environment is suggested by a lack of tensional features, such as 

straight lunar rill.es or coalescing rimless or collapse depressions, 

along or in line with these ridge crests. The small irregularly 

distributed and oriented crater chains in western Tranquillitatis 

noted by Morris and Wilhelms (1967) are probably localized volcanic 

vents and secondary impact crater chains produced, primarily, by the 

large crater to the south, Theophilus. 

The mare in western Tranquillitatis has a high lunar abundance of 

titanium oxide, revealed by Earth-based spectral reflectivity measure-

9 merits (Johnson et al., 1977), and a very old age (3.6 ± 0.1 x 10 years), 
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Figure 30. Earth-based photograph of the irregular mare region 

of Tranquillitatis . North is to the left of the page. Lamont is 

the circular ring of mare ridges accentuated by the predominantly 

north-south trend i ng, roughly radial, mare ridges. Note the dome 

structures west and north of the crater Arago and the straight 

lunar rilles to the south of Lamont near the site of the Apollo 11 

landing. The western lunar rilles mentioned in the text are in 

the shadow portion of this photograph. 
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determined by a small crater morphology technique (Boyce, 1976), 

though slightly younger than the mare region sampled at the Apollo 11 

landing site to the south of Lamont. 

At Lamont, there is no indentifiable highland material protrud

ing through the mare as there are at several other circular mare 

wrinkle ridge features, such as Reiner Rand Flamsteed P, both in 

Oceanus Procell.arum. The only candidate non-mare material in this 

region are the dome structures, appearing in low sun angle photo

graphs (Figure 30), lying to the west and to the north of the crater 

Arago. These domes vary from a few kilometers up to twenty kilometers 

in diameter with the largest dome reaching to a height of a few hun

dred meters. All domes have gentle slopes and, at Earth-based reso

lution, ill-defined contacts with the surrounding mare. The presence 

of these domes suggests the occurrence of a style of lunar volcanism 

different from the emplacement of the vast mare plains, possibly due 

to a combination of changes in eruptive conditions such as a slight 

change in chemistry or lower temperature of the erupted magma or due 

to a lower magma supply rate caused by a smaller or a deeper magma 

reservoir. 

Structurally, Lamont is a closed depression occupying a position 

in a much larger regional trough aligned roughly north-south (Figure 

31). This closed depressfon is primarily confined to 

the inner circular ridge pattern of Lamont. The linear mare ridges 

lie totally within the regional trough, further indication of a 
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Figure 31. Earth-based radar topographic map of the Lamont region 

of the Moon provided by S. Zisk. Contour interval is 100 meters. 

Lamont i.s the small depressi.on located at 2:f. 5 longitude and 5 ° 

latitude. Note the large north-south trough which dominates most 

of western Tranquillitati.s extending from zero to 12° latitude. 
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compressional origin for these ridges which probably resulted 

from a regional faulting and buckling of the lunar crust, and are 

paralleled by a system of lunar rilles to the immediate west excluded 

from this trough and interpreted as surface extensional features. 

The lunar rilles to the south (Figure 30) may not be related to the 

Lamont structure, but may be a continuation of a northwest-southeast 

trending rille system extending from Mare Vaporum to Mare Fecunditatis 

(see Scott et al., 1975). The north-south trending rilles are up to 

several kilometers wide and cut across both mare and highland terrain. 

There is no clear stratigraphic relationship between these rilles and 

the mare ridges; both postdate the major emplacement of mare material 

in western Tranquillitatis and may be contemporaneous. 

Geophysical Data 

The low altitude gravity data provided by the Apollo 16 sub

satellite, revealed a positive free-air gravity anomaly centered at 

Lamont (Sjogren et al., 1974a) slightly elongated to the north and 

to the southwest of this feature. This gravity anomaly was also 

resolved by the high altitude Apollo 15 subsatellite (Sjogren et al., 

1974 a). The Bouguer gravity for both high and low spacecraft altitude 

orbits were determined by the procedure described in Chapter III and 

two representative profiles are shown in the Appendix. The topo

graphic contribution to the local lunar gravity field, primarily 

arising from the north-south regional trough, assuming a density of 

3.0 gr.1/cm3 , adds a maximum of forty-five milligals to the low orbits 

and ten milligals to the high orbits. 
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The results of several model calculations for both a high and 

a low orbit are compared wi.th their respective Bouguer profiles in 

Figure 32. The uncertainty in deriving these profiles, which is 

shown for every third point, has been discussed in Chapter III. All 

model components were assumed to be circular disks symmetrically 

placed with respect to the center of Lamont. As in previous calcu

lations, the diameter and the depth of burial of a proposed model 

is prescribed and the surface density for this geometry is determined 

from the magnitude of the Bouguer anomaly. The thickness is then 

estimated by dividing the surface density by an assumed value for 

the density contrast. 

The first two model calculations shown in Figure 32 are surface 

disks of different diameters. The first has a diameter equal to 

the diameter of the inner ring of wrinkle ridges at Lamont. For 

the low orbit, it is evident in Figure 32 that this produces a 

signature too narrow to match the Bouguer profile, so that, either 

a broader surface component or a deeper depth of burial is required. 

A broader surface model, such as the second model shown which extends 

to the less well-defined outer ridge structure of Lamont, is better 

able to reproduce the Bouguer profiles within the estimated uncer.-. 

tainties. A deeper model positioned anywhere within the expected 

thickness of the lunar crust, that is, within roughly fifty kilo

meters of the surface, still requires the anomalous mass to extend 
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Figure 32. Comparison of model calculations with the Bouguer 

profiles (squares) across Lamont. The upper profile is for a 

high orbit (120 km altitude) and the bottom for a low orbit 

(20 Ian altitude). Note the vertical scale difference in upper 

and lower diagrams. Error bars were determined by the procedure 

described in Chapter III and are shown for only every third 

data point. 
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well beyond the inner wrinkle ridge ring and approximately to the 

diameter of the less well-defined outer ring. A representative deep 

model is shown in Figure 32 by the third calculation. These deeper 

models fit the nominal values of the Bouguer profiles better than 

surface models, though, within the uncertainties, it is not possible 

to convincingly constrain the depth of burial. 

The corresponding surface density of each model calculation 

shown in Figure 32 is listed in this figure. As previously mentioned, 

to determine the approximate thickness of these models, a value for 

the density contrast is assumed and divided into the computed surface 

density. For an assumed value of +o.6 gm/cm3 for the density 

contrast between mare mated.al and normal lunar crust, the model 

calculations shown in Figure 32 give possible thicknesses for the 

high density component ranging from roughly ten to twenty kilometers. 

Other possible high density components within the lunar crust would 

give similar values for the density contrast (see Chapter VII). 

These thickness estimates may be slightly reduced by increasing the 

diameter of these models, however, the width of the low orbit gravity 

signature constrains this diameter to be less than 150 kilometers. 

At this upper limit the corresponding surface densities, and, hence, 

thicknesses, determined for the second and third models shown in 

Figure 32 may be reduced by up to 40%, so that, at a minimum the 

thickness of the high density component must be at least eight to ten 

kilometers; a value probably still too large to be totally due to an 

accumulation of surface mare material, so that, a significant amount of 

this anomaly must also be due to high density material at depth. 
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A second important source of information regarding the subsurface 

structure and the history of Lamont is ~he magnetic measurements taken 

from orbit by the magnetometers onboard the Apollo 15 subsatellite at 

an altitude of approximately 100 kilometers. A map of the lunar 

remanent magnetic field across Lamont (Figure 33) (see also Proceed

ings of the Eighth Lunar Science Conf erence, frontispiece) derived 

from these measurements shows a pronounced high associated with the 

sca+ar magnitude of the magnetic field . The correspondirgrnap of the 

radial component of this field shows a lack of a magnetic anomaly, 

in other works, the magnetic field lines associated with the Lamont 

anomaly are horizontal. This is further borne out by the lack of an 

anomaly associated with the surface radial component of the remanent 

magnetic field measured by the electron reflectivity experiment also 

onboard the Apollo 15 subsatellite. 

Discussion 

Since the Lamont structure has a positive free-air gravity 

anomaly and is a topographic low region, it is, by definition, a 
\ 

lunar mascon, though it may not necessarily have the same origin as 

other lunar mascon features such as Imbrium, Serenitatis, 1-ectaris, 

and Crisium Basins . 

A large impact event resulting in the formation of a concentric 

ring structure is generally accepted as the origin of these basins 

and the later filling of the basin, usually by volcanic material, is 

a prerequisite for produc i ng the mascon anomaly (see Chapter VII). 
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A similar origin for the Lamont structure has been suggested by Scott 

(1974) who interprets most of western Tranquillitatis as an old 

impact basin with an original outer diameter of 370 kilometers and 

suggests that the circular mare ridge pattern is the expression of 

a buried inner ring structure. These suggested dimensions for the 

ring structures are similar to the present dimensions of Grimaldi 

which was discussed in the previous chapter. In the case of Grimaldi, 

that feature is certainly of impact origin, is partly filled by mare 

material, and is a mascon anomaly. Furthermore, the size of the 

mass anomaly associated with Lamont is also similar to the size of 

the major positive component to the mass anomaly associated with 

Grimaldi. 

The above observations support an impact origin for Lamont 

similar to the event which produced Grimaldi, however, the uncertain 

identification of the outer ring structure, the predominantly north

south structural elements, and the presence of the magnetic anomaly 

suggest that the Lamont region may have had a significantly different, 

or more radical history than most lunar basins. Alternatively, the 

major geologic events of this region may be structurally controlled 

by the intersection of separate regional fracture systems produced 

by several impacts,and the circular structure of Lamont may not be 

of an impact origin but of an igneous intrusive nature. These alter

natives cannot be conclusively decided upon here, however, the 
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Figure 33. A portion of the map of the lunar remanent magnetic 

field acquired by magnetometers aboard the Apollo 15 and 16 

subsatellites (see Proceedings of the Elghth Lunar Science Confer

ence, frontispiece). The scalar magnitude of the field is repre

sented by colors ranging from violet (0 . 16 gammas) to red (0.46 

gammas). 
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interpretation of the later history of the Lamont structure is not 

the unique result of either origin. Most of the remainder of this 

discussion will pri.ndpalJ y focus on the intrusive origin to point 

out that this origin is consistent with all observations and leads 

to several interesting consequences regarding the role of igneous 

activity in lunar crustal history and the interpretation of many 

other positive gravity anomalies which lie within the lunar mare 

region and are not clearly associated with any well-defined surface 

feature. 

Further indication that the history of the Lamont structure does 

not follow the post-i.mpact history of other lunar basins is the 

claim that the magnetic anomaly associated with Lamont is probably 

not of impact origin. As discussed in Chapter II, magnetic anomalies 

are absent in structurally simple impact features such as Meteor 

Crater. Larger, structurally more complex and centrally uplifted 

impact features may have magnetic anomalies associated with their 

interiors believed to arise from magnetized high temperature fall-

back debris, as at Ries Basin (Pohl et al., 1977), or highly shocked 

and thermally affected breccia deeper in the crater structure, as at 

Gasses Bluff (Milton et al., 1972), or possibly from impact-generated 

magnetization, as at the Manicouagan structure (Coles and Clark, 1978). 

However, it is uncertain whether the same mechanism could account 

for all of the geologic evidence pertaining to the location and 
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nature of magnetic anomalies associated with these terrestrial impact 

structures and whether it is applicable to Lamont. 

On the Moon, there is a noticeable lack of magnetic anomalies 

associated with the interior of impact features. In view of this 

lack of correlation and the uncertain relationship of magnetic anoma

lies with terrestrial impact features, an alternative explanation for 

the magnetic high, and also for the gravity high associated with 

Lamont is sought. 

On the Earth, both magnetic and gravity highs are associated 

with basic intrusive regions; most notable are the anomalies associat

ed with volcanic centers along the Hawaiian ridge (Malahoff and 

Woollard, 1966). , Supportive seismic evidence indicates that these 

magnetic and gravity anomalies are related to deep-seated intrusive 

material and not to the crustal rock or to the material comprising 

the major volume of the volcanic contructs along the Hawaiian ridge. 

Quantitative analysis of these measurements indicate that these 

intrusive rocks reach within two to six kilometers of the summit of 

the volcanoes. 

For Lamont, seismic data are of course lacking, but the occur

rence of the magnetic and gravity highs are suggestive of an intrusive 

origin, similar to the intrusive activity at centers along the 

Hawaiian ridge, for the anomalies associated with Lamont and, as will 

be described, for the circular structural pattern. 
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A proposed geologic history for Lamont and western Tranquilli

atis is shown in Figure 34. In this figure, the major mass anomaly 

has been chosen to be shown as a single localized basaltic mass 

intruding into a less dense lunar anor thositic crust. Instead of a 

single plug of material, a plexus of dikes and sills may be more 

realistic for the intrusive body. The presence of the magnetic 

anomaly at Lamont suggests that the timing of the major intrusive 

event (Figure 34a) preceded the surface emplacement of the mare 

basalts in western Tranquillitatis, which are possibly only slightly 

magnetized (Lin et al., 1977), that is, sometime before 3.7 to 4 . 0 

9 x 10 years ago. This is consistent with measurements of the paleo-

intensity of the stable magnetic remanence in returned lunar samples 

which show a decrease in the intensity of the lunar magnetic field 

with a later time of formation (Stephenson et al., 1977). This 

intrusion may have been aided by the slight global extensional stress 

field at this time in lunar history suggested by thermal evolution

ary models of the Moon (Solomon and Head, 1978). 

This mass may have continued to intrude and be a major region 

of accumulation of magma prior to extrusion of material onto the 

surface (Figure 34b). The possible time interval for the major 

stage of extrusive activity, based on radiogenic ages of returned 

Apollo 11 basalts (Papanastassiou et al., 1977), was 3.6 to 4.0 

9 x 10 years. During and after this stage, there apparently was no 
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Figure 34. Schematic diagrams illustrating a proposed history of 

the Lamont and western Tranquillitatis region of the Moon. 
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appreciable lunar magnetic field recorded in the mare material. This 

continued intrusive activity may have been accompanied by the forma

tion of concentric inclined dikes known as cone-sheets (Anderson, 

1936) which served as conduits for the extrusion of magma onto the 

surface. The total volume of extrusion in western Tranquillitatis, 

3 assuming an average thickness of one kilometer, is 200,000 km, an 

amount comparable to the volume of the Columbia River Plateau basalts 

(Waters, 1962). If the mass anomaly at Lamont is totally due to 

intruded material and has a density contrast of +0.6 gm/cm3 with 

the lunar crust, then the volume of intrusion was also roughly 

3 200,000 km. 

Possibly overlapping in time with the last major stages of 

intrusive and extrusive activity was the formation of the four 

major structural elements in western Tranquillitatis described 

earlier, that is, the circular ridge pattern and the north-south 

trending mare ridges, trough, and straight lunar rilles (Figure 34c). 

These features are consistent with a predominantly east-west compres

sional stress field resulting in the formation of the north-south 

structural elements by faulting and buckling of the lunar crust 

and a circular pattern centered over the localized intrusive body. 

This east-west compression created a minor buckling of the crust 

resulting in concentrated surface compression in the trough (mare 

ridges) and slight, localized, surface tension at a slight rise of 
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the crust to the west (straight lunar rilles). The circular pattern 

and topographic low centered at Lamont may be similar to terrestrial 

ring-dikes which are circular, almost vertical dikes which accompany 

the withdrawal of magmatic support (Anderson, 1936). 

The origin of this east-west compressional stress field may be 

due either to contractional cooling or to tidal despinning of the 

Moon. Thermal history models of the Moon have shown that contrac

tional cooling may globally produce up to 600 bars of compressive 

9 stress between 3.6 and 2.4 x 10 years and in excess of 1000 bars 

over the whole of lunar history; only a fraction of this is necessary 

to initiate the observed faulting and buckling of the lunar crust 

in western Tranquillitatis. 

The other alternative, tidal despinning, is also adequate to 

produce this deformation. To illustrate, the flattening, e, of a 

rotating fluid mass is given by the ratio of the centripetal to 

gravitational forces. 

e = TT 
2 

w 
Gp 

(29) 

Here w is the rotational velocity, G is the gravitational constant, 

and pis the density. In order to locally generate as much as a few 

hundred bars of compressiv e stress, for a material with a rigidity 

11 2 of 5 x 10 dynes/cm, the required strain, or change in flattening, 

is 2 x 10-4 • For the Moon, this corresponds to a minimum initial 

rotational rate of roughly three to six days. The time scale for 
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this despinning, estimated from an expression given by Goldreich and 

Soter (1966, Equation 17) and assuming synchronous rotation, is 

~10 9 years, sufficiently long-term to be consistent with the post

mare occurrence of this deformation. 

It is significant that Lamont is a very old mare region of the 

Moon and also exhibits gravity and magnetic anomalies and a unique 

post-mare structural history. Other regions, such as the irregular 

mare of Oceanus Procellarum, also have many small scale positive 

gravity anomalies, most notable is the anomaly southeast of 

Copernicus (Sjogren et al., 1974a) which is similar in magnitude and 

width to the Lamont anomaly, but lacking any surface expression. 

It is proposed here that many of these locations of positive gravity 

anomalies are also sites of early intrusive activity in the lunar 

crust which were completely covered by later extrusive activity. 

In western Tranquillitatis, continued volcanic flooding resulting 

in an accumulation of an additional five hundred meters of material 

would have completely buried the mare ridge structures at Lamont. 

MARIUS HILLS 

Description 

Marius Hills is a southward dippjng plateau lying in the irregu-

2 
lar mare of Oceanus Procellarum covering an area of 35,000 km and 

rising to an average elevation of a few hundred meters above the 

surrounding mare plain (Figure 35). Well-developed scarps and 
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Figure 35. Lunar Orbiter photographs (IV-150-H2 and IV-157-H2) of 

Marius Hills. North is to the top of the page. Note the coalescing, 

rimless dep ressions to the north of the crater Marius (40 km diam) 

and the sinuous lunar rilles originating in the western portion of 

the plateau. 
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contacts with the surrounding mare of Oceanus Procellarum are lack

ing along most of the boundary of this plateau and the composition of 

this region, as determined from spectral reflectivity measurements 

(McCord et al., 1972), is similar to that of the surrounding mare. 

This region is named for its close proximity to the forty kilometer 

crater Marius which lies on the eastern border of the plateau and 

which is filled with Imbrjan age mare material to a level six to 

eight hundred meters below the mare level immediately to the south-

east. 

Marius Hills is much younger than Lamont and represents a very 

late-stage occurrence of surface volcanism of the Moon, Stratigraph-

ically, this plateau is Eratosthenian in age (McCauley, 1967) and, 

from an examination of the morphology of small craters, an absolute 

9 age of 2.6 ± 0.3 x 10 years (Boyce, 1976) has been placed on the 

mare material of this plateau. 

The chief distinguishing characteristic of this region of the 

Moon are the many small cones and domes (~300) which populate the 

plateau varying in diameter from a few kiloflleters up to twenty-five 

kilometers and rising to a height above their bases of several 

hundred meters, A morphologic classification of these domes has been 

given by McCauley (1967) and Whi.tford-Stark and Head (1977). As 

was mentioned in the discussion of the dome structures in the Lamont 

region, the presence of these volcanic constructs suggest the occur

rence of a style of lunar volcanism different from the emplacement 

of ih~ vast mare pl&tns. 
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Several sinuous rilles, interpreted as lava channels or collapsed 

lava tubes (Oberbeck et al., 1969), begin at irregular depressions 

within the plateau or just beyond the boundary and continue in a 

generally downslope direction, sometimes totally a few hundred kilo

meters in length, and gradually merge with the surrounding mare. In 

at least one case at Marjus Hills, arille originating on the plateau 

has its source at a cone (Greeley, 1971). 

Two major mare wrinkle ridge systems, trending roughly north

south, transect Marius Hills. The eastern most system passes 

across the topographic high of the plateau just to the northwest of 

the crater Marius. Slightly to the east of this high region are 

located several coalescing, irregular, steep-sided depressions five 

kilometers in width. These features appear to be similar to terres

trial collapse caldera and are probably also the result of the near 

surface localized withdrawal of magmatic support (Williams, 1941). 

Geophysical Data 

The positive free-air gravity across Marius Hills is primarily 

due to the higher elevation of the plateau above the surrounding 

mare plain (see Appendix). Within the uncertainty of this analysis, 

there is a marginal detection of a positive Bouguer anomaly located 

approximately at -51° longitude along the Apollo 15 CSM groundtrack 

(Mulle.c et al., 1974). The latitudinal or lateral extent of this 

Bouguer anomaly is poorly constrained due to lack of suffi~ient low 
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altitude areal coverage of this region, however, the longitudinal 

position of this anomaly on the lunar surface approximately corres

ponds to the location of the topographic high of the plateau. 

Assuming a disk-shaped geometry, the following two models 

adequately fit the nominal Bouguer profile. 

Diameter 

Depth of Burial 

Surface Density 

Model A 
60 km 

4 km 

3 +4.5 gm-km/cm 

Model B 
60 km 

35 km 

3 +6.0 gm-km/cm 

As with the lunar craters, there is a trade off of model parameters 

such that the total mass excess remains roughly constant. 

Unfortunately, there are no orbiting magnetometer measurements 

across Marius Hills, as there are for Lamont, to determine the scalar 

magnitude or the horizontal component of the remanent lunar magnetic 

field. The measurements of the electron reflectivity experiments 

show a lack of a radial component to the surface remanent magnetic 

field in this entire region of the Moon; the same result as for 

Lamont. 

Discussion 

At Marius Hills, an impact origin for the possible positive 

Bouguer anomaly appears to be unlikely in view of the surface geology, 

though the location of this plateau region on the Moon and the local-

ized positive Bouguer anomaly, interpreted here as intrusive in 

origin, within the plateau may have been controlled by fractures 
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produced by impact events early in lunar history. It is noteworthy, 

in view of the morphologic differences, that the nominal value for 

the Bouguer anomaly is much smaller at Marius Hills than at Lamont 

and that it is apparently isolated from the major region of the 

plateau. 

The youthful appearance of Marius Hills indicates that this 

volcanism was a very late-stage event in lunar history and the lack 

or marginal detection of a positive Bouguer anomaly further suggests 

that, in contrast to Lamont, only relatively minor intrusive activity 

may have accompanied this late-stage lunar volcanism and that such 

activity was not responsible for the formation of the entire plateau. 
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CHAPTER IX 

HISTORY OF THE LUNAR CRUST 

A chief aim of lunar science ha s been to study many different 

aspects of the Moon in an attempt to describe the history and evolu

tion of this body. It is understood that the present lunar data are 

incomplete and that many major events in lunar history are not ade

quately represented of have not yet been correctly perceived. This 

imcompleteness does make it difficult to separate generalities in 

the evolution of the Moon from isolated unique events and, hence, 

does allow many different scenarios to be constructed from the 

same set of observations. However, by the introduction of new data 

and new ideas it is possible to better constrain and characterize 

some of the proposed alternatives and from this gain a better under

standing of lunar history. 

Initially, Earth-based observations of the Moon were the sole 

basis for lunar studies, but with the advent of practical rocketry 

it was then possible to send instruments to the Moon to scrutinize 

and probe the lunar surface at close range. These lunar missions 

culminated in several manned landings which not only returned samples 

of the lunar surface for detailed examination in terrestrial labora

tories but also returned a wealth of information collected on the 

surface and from lunar orbit. Of particular concern in the present 

work has been an analysis of the gravity anomalies associated with 

individual lunar features, mostly impact craters, derived from the 
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Doppler radio tracking of low orbiting lunar spacecraft. It is the 

purpose of this last chapter to expand on several points made in the 

earlier chapters and to place this work in context with other lunar 

research. 

Lunar Cratering and Igneous Activity 

The present surface of the Moon is readily distinguishable into 

a highly cratered, rugged highland region and a relatively smoother 

and darker mare region which covers less than 20% of the lunar surface 

and which consists mainly of the superposition of many basaltic lava 

flows. The lunar highlands, or terra, certainly predate and presum

ably underlie all of the lunar mare and represent the bulk composition 

of the lunar crust. Chemical constraints provided by the returned 

lunar samples indicate that early in lunar history the Moon differ

entiated into a feldspathic crust and a more mafic mantle with the 

lunar mare representing a much later differentiate of this mantle 

material (Ringwood and Essene, 1970). 

From seismic data, the thickness of the lunar crust in eastern 

Oceanus Procellarum is 60 kilometers q .'okso"z et al., 1974) with a 

slightly larger (70- 80 km) average global thickness determined from 

the lunar center-of-mass to center-of-figure offset (Kaula et al., 

1974). As commented in Chapter IV, the impacts which formed the 

large luna r craters, such as Copernicus, were capable of brecciati.ng 

and probably also excavating at least small amounts of material from 

depths as great as one-fourth the present crater diam'eter. Extending 
/ 1 
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this result to the very large impacts which formed the multiringed 

basins, these events were certainly capable of penetrating the lunar 

crust resulting in excavation and deposition of a small amount of the 

lunar mantle material onto the surface, possibly represented by the 

dunite fragments returned from the Apollo 17 landing site (Dymek et 

al., 1975). 

Due to the locations of the small number of lunar landings, 

the velocity structure of the lunar crust is only well-defined for 

eastern Oceanus Procell.arum. In this region, the profile is character-
,', 

ized by a very low velocity surface layer several hundred meters 

to a kilometer thick overlying a region with a very steep velocity 

gradient continuing to a depth of about 25 kilometers at which point 

the velocity is possibly discontinuous and remains roughly constant 

to the bottom of the seismically defined crust (Toks•o•z et al., 1974). 

The thin low velocity surface layer, recognized at all Apollo lunar 

landing sites, is the result of the continuous bombardment of the 

lunar surface by many small impacts. The very steep velocity grad

ient in the upper lunar crust is due to the progressive closure of 

impact-induced microcracks under increasing hydrostatic pressure 

(Todd et al., 1973). Below this, the constant velocity profile of 

the lower crust indicates the absence of these features at these 

greater depths, though whether this absence is a result of the lack 

of sufficiently large impacts in this region which could penetrate 

to these depths or of the annealing of microcracks which at one time 

were present is uncertain (Simmons et al., 1973). 
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The difficulty in using this velocity profile to infer lunar 

impact history is knowing whether or not it is representative of the 

entire Moon, in particular, the position of the 25 kilometer discon

tinuity. If this is the average position of this discontinuity 

planetwide, then sometime after the consolidation of the lunar crust, 

the Moon must have been subjected to a sufficiently high cratering 

rate to globally fracture the crust to this depth. Monte Carlo 

cratering calculations performed by H"orz et al. (1976) indicate that 

to produce this average depth of fracturing over most of the lunar 

surface requires a cratering rate many times large r than the present 

density of large craters in the lunar highlands. 

If the lunar crust was globally fractured and disrupted to a 

depth of several tens of kilometers, then it may be somewhat surpris

ing that later cratering (e.g . , Copernicus) was capable of generating 

sufficiently large density contrasts to result in detectible negative 

Bouguer gravity anomalies. This then suggests: 1) that the seismic 

profile of the lunar crust derived from the Apollo lunar missions is 

only representative of eastern Oceanus procellarum and, hence, the 

lunar crust was never globally fractured to these depths since the 

consolidation of the crust, or 2) that at some time in lunar history 

the upper crust has been recompacted, removing the porosity but not 

the microcrack structure, or 3) that the pore spaces produced by 

earlier impacts have been filled. Recall from the previous chapters 
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that only the young lunar craters have been shown to have negative 

Bouguer anomalies and that all old lunar craters, except Piccolomini, 

have zero anomalies. The process or processes responsible for the 

disappearance of the initially negative Bouguer anomalies associated 

with old lunar craters are possibly also responsible for the 

disappearance of the porosity which would have resulted from the 

early planetwide intense cratering which can possibly be inferred 

from the presence of the 25 kilometer discontinuity. 

An igneous process has been suggested in Chapter V to account 

for this disappearance by an intrusive mechanism. Presumably, 

magma migrates through the crust along the many impact-produced 

fractures and removes most of the initial pore space created by 

the impacts. The occurrence on the surface of mare material in only the 

topographically lowest regions of the Moon suggests that the maximum 

height reached by lunar magma was hydrostatically controlled (Kaula et al., 

1973). This hydrostatic control is strongly indicated in some heavily 

cratered regions, such as that shown in Figure 36, which were 

only partially flooded by lavas. However, elevation differences 

between lunar mare of different ages or compositions may be as great 

as one kilometer, such as between Grimaldi and Oceanus Procellarum 

(see Chapter VII), presumably due to a different magma reservoir 
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Figure 36. Lunar Orbiter photograph (IV-006-H3) of southern Mare 

Australe showing the partial flooding of a highly cratered region. 

Note that the mare lavas appear to rise to the same level in all 

large craters without transecting adjoining crater walls. 
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location or efficiency in transporting the magma. This restriction 

of surface volcanic activity to only the topographically lowest regions 

of the Moon is a direct result of the presence of a very thick lunar 

crust which is less dense than the liquid magma (Solomon, 1975). A 

possible difficulty with this igneous process, as pointed out in 

Chapter V, is the inability of magma to passively fill pore spaces 

over the necessary several tens of kilometers without undergoing 

significant cooling and a halt to migration. 

A very different style of igneous intrusion from that described 

above is inferred to have occurred on the Moon from the existence of 

isolated gravity and magnetic anomalies. These are localized intru

sions, so far only identified in the mare regions, revealed by the 

association of a gravity or a magnetic high with structural and 

morphologic features which identify a probably source area for the 

local mare material. The best example is the Lamont feature in 

western Tranquillitatis (Chapter VIII) which has both a gravity and 

u magnetic high associated with a unique set of north-south trending 

structural features. Other possible centers of intrusion, also dis

cussed in Chapter VIII, are the source area for the last major lava 

flows in the Imbrium Basin near the·crater Euler~ (Schaber, 1973) 

which has a magnetic high and a region of the Marius Hills plateau 

which has a Bouguer gravity high. Other localized lunar gravity and 

magnetic highs, not obviously related to any surface feature, may 
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have a similar origin, but their expression has been greatly modified 

by either later impacts or extensive volcanic flooding. 

An alternative process for the global recompaction of the lunar 

crust following an Jntensive heavy bombardment and also for the 

removal of the negative gravity anomalies initially associated with 

old unfilled lunar craters is the seismic shaking resulting from the 

formation of the last few multiringed basins. This process is at

tractive since it is potenU.ally global in its effect, though as 

pointed out in Chapter V, the efficiency at this scale is unknown 

and there are potential stratigraphic difficulties. 

Lunar Isostasy 

The question of the state of lunar isostasy was also addressed 

in Chapter V. For small scale lunar features, such as those consid

ered in this work, no indication of crustal movement in response to 

the differential stresses produced by surf"ace topography was found; 

certainly no indJcation of a state close to total compensation at 

this scale. This is due to the presence of a sufficiently thick 

lunar lithosphere so that the spatial extent of the lunar features 

considered here are too small to result in long-term creep of the 

interior of the Moon. For the crater Pasteur, one of the largest 

features considered here (diameter 250 km; depth 3 km), the stress 

difference, assuming an elastic half-space, resulting from this 

crater is 75 bars (see McConnell, 1965) at a depth of 60 kilometers, 

that . is at the depth of the crust-mantle interface, which is the 
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location of the major density contrast in the outer region of the 

Moon and potential origin for the Bouguer anomaly. This may be 

somewhat increased by considering a finite thickness for the lunar 

lithosphere. For a thickness of 200 kilometers, this stress at a 

depth of 60 kilometers will increase to 100 bars (see Melosh, 1976), 

a value close to the maximum stresses supported over long periods 

of time within the Earth (Lambeck, 1979) and probably too small to 

allow steady-state creep at this depth. 

It is important to note that on a large scale, such as the lunar 

central nearside highlands, the Moon is compensated (Wood, 1970). 

This relief of differential interior stresses which resulted from 

surface loading apparently only occurred early in lunar history, 

' ' since indications of compensation are only associated with very old 

lunar terrain. This older terrain was probably also controlled by 

large impacts whose structures were greatly modified by long-term 

interior movement because of the elevated thermal state earlier in 

lunar history (Solomon and Head, 1978) . allowing for a more complete 

' 

creep relief of stresses (Weertman, 1970). Later large impacts into 

the Moon failed to result in a similar degree of response of the 

interior, except when such response was directly impact related and 

resulted in the upward movement of the lunar mantle and the production 

of a concentric ring structure, such as Grimaldi (Chapter VII). 

Later, relatively minor adjustments have occurred at some very large 

lunar basins such as Humorum and Serenitatis as expressed on the 

surface by concentric rille structures (Baldwin, 1963). 
\ 
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APPENDIX 

FREE-AIR AND BOUGUER GRAVITY PROFILES 

Representative free-air and Bouguer gravity profiles across 

each of the features considered in this work are given in this 

appendix along with a base map showing the location of the ground

track for each particular orbit. The spacecraft altitudes for each 

orbit, referenced to a 1738.0 kilometer radius sphere, were given 

in Table II (p. S). 

The features are presented alphabetically and an index is 

given on the next page. The free-ai.r gravity is shown by a solid 

line and the Bouguer gravity by a dashed line, both as a function 

of longitude. The derivation of these Bouguer profiles was 

discussed in Chapter III. The error bars, shown at one degree 

averaged longitude increments along the Bouguer profiles, are 

the square root of the sum of the squares of the uncertainties 

in determining each profile contributed by uncertainties in the 

topography, by different assumed values for the density of the 

lunar crust, and by the intrinsic noise of the Doppler data . 
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INDEX FOR THE GRAVITY PROFILES SHOWN IN APPENDIX 

Feature Name Page 

Agrippa 211 

Copernicus 212 

Eratosthenes 213 

Grimaldi 214 

Hecataeus 215 

Herschel 216 

Hipparchus 217 

Humboldt 218 

Kepler 219 

Lamont 220 

Langrenus 221 

Macrobius 222 

Marius Hills 223 

Neper 224 

Pasteur 225 

Petavius 226 

Piccolomini 227 

Ptolemaeus 228 

Sacrobosco 229 

Snellius 230 

Theophilus 231 
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