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Abstract. The negative Bouguer anomalies (i.e., mass deficiencies) • 
associated with four young lunar craters' are analyzed. Model 
calculations based on generalizations made from studies of terrestrial 
impact structures suggest that the major contribution to the Bouguer 
anomaly for these lunar craters is due to a lens of brecciated material 
confined within the present crater rim crest and extending vertically 
to at least a depth of one-third the crater rim diameter. Calculations 
also reveal a systematic variation in the magnitude of the mass defi- 
ciencies with the cube of the crater diameter. 

Introduction 

This paper is concerned with the subsurface structure of large, 
young lunar craters as inferred from the gravity data obtained from 
line-of-sight tracking of lunar spacecraft. To date, most studies per- 
taining to lunar craters have been limited to a description of the sur- 
ficial geology based on orbital photography combined with in- 
ferences drawn from studies of terrestrial impact features. We are 
presently performing a quantitative analysis of the gravity anomalies 
associated with lunar craters of various sizes and ages and utilizing 
this data to place constraints on the possible subsurface structure 
associated with these features. The gravity data used in our analysis 
consists of the line-of-sight component of the accelerations ex- 
perienced by a spacecraft in a close luna• orbit [ Sjogren et al., 1972]. 
The strategy adopted in this research is to understand first the nature 
of the gravity anomalies associated with the youngest and freshest ap- 
pearing lunar craters, and then to apply this knowledge as an aid in 
understanding the older, more modified lunar craters. This paper 
summarizes the results for only the youngest lunar craters analyzed. 

Several investigators have previously used this method to study 
lunar craters [ e.g., Gottlieb et al., 1970]. The present work deals with 
a more detailed consideration of the gravity and topographic data 
[ Phillips et al., 1977] and will report on results of a more quantitative 
nature for a larger number of lunar craters than given in earlier in- 
vestigations. 

Four lunar craters are included in our analysis: Eratosthenes 
(58 km rim diameter), Copernicus (92 km), Theophilus (100 km), 
and Langrenus (132 kin). These craters are all post-lmbrian in age. 
In basic form, they are characterized by relatively flat floors and 
have well developed central peaks and terraced interior walls. The 
depth to diameter ratios for these craters range from 0.02 to 0.04. 

Analysis of the Bouguer Anomalies 

This research begins with one of the basic conclusions of Phillips et 
al. [1977] who applied topographic corrections to the gravity data 
and showed that a pronounced negative Bouguer anomaly (i.e., a 
mass deficiency) is associated with each of the young craters listed 
above. We will show that the major component of the mass deficiency 
for each of these craters extends laterally outward to approximately 
the present crater rim and vertically to a depth of roughly one-third 
of the present crater rim diameter. The uncertainty in the vertical ex- 
tent is primarily due to the uncertainty in the value of the density con- 
trast between these craters and their surroundings and is also due to 
an uncertainty in the exact geometry of the anomalous mass. 
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From analogy with terrestrial impact craters, we interpret this low 
density region as the brecciated and crushed material formed essen- 
tially in situ to distinguish it from the fallout debris. That is, the ma- 
jor component of the Bouguer gravity anomaly is target material 
which has been extensively broken up and crushed but has not under- 
gone a great deal of mixing. Model calculfitions indicate that the rim 
deposits associated with these large lunar craters are a relatively 
minor component to the total gravity anomaly. Calculations also in- 
dicate that material transported by the inward collapse of the tran- 
sient crater walls may be an important component of this large/brec- 
ciated region; however, this material cannot be the sole component 
nor the dominant component of the anomalous mass. 

To estimate the amount of this material resulting from the inward 
collapse of the crater walls we postulate the existence of a transient 
cavity stage during the formation of these caraters in which they were 
similar in form to the much smaller bowl-shaped craters. The 
original shape is reconstructed from the present shape by removing 
material from the center of the crater and building up the crater walls 
[Settle and Head, 1976; Malin and Dzurisin, 1977]. This procedure 
leads to estimates for the maximum thickness of this collapse 
material which is roughly 10% of the present crater rim diameter. 
This estimate is independent of the detailed shape of the transient 
cavity. 

The maximum depth of brecciation is estimated from a survey of 
terrestrial impact structures to be roughly one-third the crater rim 
diameter [Innes, 1961; Shoemaker, 1960; Dence et al., 1968]. Out- 
ward from this brecciated zone lies a region of cracked and fractured 
country rock. The extent of this region as revealed by anomalously 
low seismic velocities is roughly one crater diameter beyond the rim 
[Ackerman et al., 1975]. This peripheral region does not contribute 
significantly to the gravity anomaly since an insufficient amount of 
void space is created at this distance from the point of impact. 

The lateral extent of the anomalous low density region for the 
lunar craters can be roughly determined. We do this by testing two 
extreme cases. In one case, the low density material is confined within 
the crater floor diameter. In the other case the low density material is 
confined within the crater rim diameter. The floor diameter is --•60% 
of the rim diameter. 

Four model calculations, including the effect of topography, for a 
single profile across the crater Langrenus are shown in Figure 1. The 
gravity data and the topographic contribution are also shown. A 
crustal density of 2.7 gm/cm :• was used in evaluating the topographic 
contribution. The choice of this value is not critical in our analysis. In 
each calculation the low density material is represented by a 
paraboloid with the dimensions given in Figure 1. The geometry of 
each model with respect to the present crater shape is shown in 
Figure 2. Once the geometry of the anomalous mass has been 
specified, we solve for the density contrast required to reproduce the 
observed gravity signature including the effect of the surrounding 
topography. 

The first two models shown in Figure 2 represent extreme cases of 
material collected by the inward collapse of the original crater wall. 
This material is confined to lie within the crater floor in the first 

model and to lie within the crater rim in the second. The postulated 
transient bowl-shaped stage is schematically shown in the first model. 
The third and fourth models represent the extreme cases of the com- 
bined effects of collapsed material and of an underlying brecciated 
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Fig. 1. Comparison of four model calculations described in the text with the ob- 
served gravity data fbr a single profile across the crater Langrenus. The sum of the 
gravity effects of the subsurface and topographic models are matched to the free air 
data. 

region. In each case, the brecciated region extends to a depth of one- 
third its diameter. In the third model, the brecciated region is con- 
fined within the crater floor, which may correspond to the diameter 
of the transient bowl-shaped crater referred to earlier [e.g., Malin 
and Dzurisin, 1977]. The last model represents a brecciated region 
extending outward to the present crater rim. 

1. SLUMP MODELA 3. BRECCIA LENS A 

2. SLUMP MODEL B 4. BRECCIA LENS B 

Fig. 2. Four proposed models for the mass deficiency associated with lunar craters. 
Dashed line outlines the postulated transient cavity geometry. 

There is no preferred model based on the degree of fit to the data. 
Our criterion for accepting or rejecting models relies on the value of 
the density contrast required to reproduce the observed gravity sig- 
nature. An upper bound of-0.3 to -0.4 gm/cm :• can be Placed on 
acceptable 9alues for the density contrast. This bound is based on the 
largest density contrasts determined for terrestrifil impact craters 
[Innes, 1961] and on the density change measured for a lunar 
microbreccia subjected to a peak static pressure of 40 kilobars and 
then unloaded to zero confining pressure [Stephens and Lilley, 
1970.]. In addition, larger values are deemed unacceptable, since for 
each proposed model the anomalous mass must extend at least a few 
tens of kilometers into the lunar crust. At these depths the confining 
pressures will begin to close the microcracks [e.g., Todd et al., 1973] 
and, hence, reduce the porosity created by the impact. 

Making use of this upper bound, only the last model listed in 
Figure 1 is acceptable. This model also represents the largest spatial 
extent of brecciation determined from studies of terrestrial impact 
features. If these two bounds are not to be violated, then there is not a 
major positive component to the observed gravity anomalies associ- 
ated with these craters. The results of model calculations for all four 
lunar craters are shown in Table I. Also tabulated here are the mass 
deficiencies and the density contrasts reported for five terrestrial im- 
pact craters. 

The values in Table I are displayed graphically in Figure 3. This 
is a lOg-log plot of the mass deficiency versus the present crater rim 
diameter and has not been corrected for the enlargement of craters 
larger than -- 10 kilometers by large scale slumping. This correction 
may decrease the crater diameter up to 30 to 40%. This diagram is 
essentially model independent in that no assumptions have been 
made about the detailed density structure except to assume that the 
anomalous mass is a near surface feature. 

Table I. Mass Deficiencies Associated with Impact Craters 

Mass DenSity 
Diameter Deficiency Contrast 
Dr (km) AM (gm) (gm/cm3) 

Terrestrial Impact Craters 
Meteor Crater 1.2 
Holleford 2.3 
Brent 3.5 

Deep Bay 12 
Ries Basin 22 

-3 x 1013 -0.12 
-3 x 1014 -0.23 
-9 x 1014 -0.17 
-2 x 1016 -0.17 
-7 x 1016 -0.2 

Lunar Impact Craters 
Eratosthenes 58 

Copernicus 92 
Theophilus 100 
Langrenus 132 

-8 x 1018 -0.3 
-4 x 1019 -0.4 
-5 x 1019 -0.4 
-8 x 1019 -0.3 

Source 

Regan and Hinze [ 1975] 
Innes [ 1961 ] 
Innes [ 1961 ] 
Innes [1961] 
Dennis [ 1971 ] 

This study 
This study 
This study 
This study 
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Fig. 3. The variation of the mass deficidncy with the present crater rim diameter for 
lunar and terrestrial impact craters. 

Drawn in Figure 3 are lines relating the mass deficiency to the 
cube of the crater diameter. The four lunar craters closely follow this 
trend while this cubic relation establishes an upper bound for the par- 
tially eroded terrestrial impact craters. Note that all of the lunar cra- 
ters fall above the line drawn through the terrestrial craters. If a 
single line is drawn through the terrestrial and lunar craters, then the 
mass deficiency would increase faster than the cube of the crater 
diameter. When a correction is made for the enlargement of these 
lunar craters by slumping, the discrepancy between the mass deficien- 
cies for the lunar and terrestrial craters cannot be totally reconciled 
by simply accounting for low density material which has been eroded 
away from the more degraded terrestrial impact craters (e.g., rim 
deposits). This may indicate that the amount of brecciation is signifi- 
cantly larger for lunar craters than for terrestrial craters. 

Discussion 

Several aspects of lunar crustal history are implied by these 
results. 

By our adpoted upper bounds on model geometry and density con- 
trast, large scale volcanic or plutonic processes were not induced or 
triggered bY these relatively youthful impact events, since, as men- 
tioned earlier, such activity would have partially masked the negative 
component to the gravity anomaly. Similarly, magmatic material has 
not ascended through the crust in the vicinity of these craters since 
the time of their formation. This statement is not necessarily true for 
older lunar craters which, in some cases, have non-negative gravity 
anomalies associated with them [Phillips et al., 1977]. 

On a more subtle level, the upper lunar crust must have undergone 
extensive reconsolidation or compaction since the last stage of heavy 
bombardment of the lunar surface. Our results indicate a significant 
density contrast presently existing between these young lunar craters 
discussed here and their surroundings. An interpretation of the lunar 
seismic data suggests that microcracks and fractures presently exist to 
a depth of 25 kilometers [Simmons et al., 1973]. Together these two 
results imply that a process has acted on the upper lunar crust to 
remove the major part of the porosity generated by the last stage of 
heavy bombardment, but has not totally removed the fractures and 
cracks produced by this event. We propose four possible processes 
which may be responsible for this reconsolidation or compaction. 
They are shock lithification [Short, 1966], compaction by seismic 
shaking, hot pressing of material [ Simonds, 1973], or reconsolidation 
by igneous processes. These first two processes are mechanical in 
nature and the latter two are the result of the thermal environment. 

It is not the intent of this paper to evaluate these various 
possibilities. We do suggest that the compaction or reconsolidation 
process may be related to one of the major geologic events in lunar 
history, such as the formation of the multiringed basins or the 
emplacement of the mare basalts. Some light on this problem may be 
provided from our current analysis of the gravity anomalies associ- 
ated with the older lunar craters. 

Conclusions and Summary 

A quantitative analysis of the gravity anomalies associated with 
four large young lunar craters is reported. Each of the lunar craters 
analyzed here has a very pronounced negative Bouguer anomaly 
associated with it. Model calculations based on generalizations made 
from studies of terrestrial impact structures suggest that the major 
contribution to the Bouguer anomaly for these lunar craters is due to 
a large lens of brecciated material confined within the crater rim and 
extending vertically to fit least a depth of one-third the crater rim 
diameter. Uncertainty in the exact geometry of this zone leads to a 
depth range of one-half to one-fourth of the diameter. Independent of 
exact shape, model calculations also reveal for the lunar craters a 
systematic variation in the magnitude of the mass deficiency with the 
cube of the crater diameter. 
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