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DYNAMIC MASS MODELING AND GEOPHYSICAL

ANALYSIS OF LUNAR MARIA BASED ON APOLLO

TRACKING DATA

INTRODUCTION

The first discovery of lunar mass concentrations or mascons associated with

the five principle ringed mariaon the lunar front side (Muller and Sjogren, 1968)

was determined from analysis of the range-rate residuals relative to orbits

computed for the nearly polar orbits of Lunar Orbiter 5. The orbit of Lunar

Orbiter 5 had a perigee of 100 km and an apogee of 1500 km. This initial

analysis was carried out by direct examination of line-of-sight range rate

residuals. Because the observed residuals were line-of-sight rather than radial

and because of possible distortions in the least squares fitting process, it was

recognized that the best method of analysis would be to model the anomalous

masses during the orbit differential correction process. Early modeling of

this type was carried out by Sjogren et al in 1969 using point masses (Sjogren

et al, 1971).

One of the latest refinements (Wong, et al, 1971) involved the simultaneous

solution for the masses of 600 circular discs distributed in a regular fashion

over the surface of the entire frontside of the moon. In that work data from all

five Lunar Orbiter missions, which included both polar and low inclination

orbits, as well as some data (about 4.5% of total) from the moderately inclined,

1



retrograde orbits of Apollo 8 and 12 were used. All of the spacecraft used in

that analysis had perilune heights ranging from 54 to 175 km.

A number of interpretations have been made of the various solutions in terms

of density distribution and significance relative to mare formation and lunar

structure. (Wise and Yates, 1970; Gilvarry, 1970;Coneland Holstrom, 1968;

Mason, 1971; Booker, et al 1970.) The difficulty of arriving at definitive con-

clusions and the wide ambiguity possible due to the non-uniqueness of gravity

interpretation was well pointed out by Kane (1969). The ambiguity is greatly

increased because of the 100km and greater altitude of the spacecraft above

the lunar surface.

Recently range-rate data have been obtained from Apollo spacecraft at altitudes

of 10 to 75km above the lunar surface. The first report concerning data of

this type was that of Gottlieb, et al (1970) who obtained data from the free flight

portion of the Apollo 12 lunar excursion module descent. Since that time

improved range-rate tracking of the command modules of Apollo 14 and 15 have

been obtained while these spacecraft were orbiting some 10 to 25 km above the

lunar surface. Initial reports on the results obtained from Apollo 14 have been

made by Sjogren et al (1971, 1972) while initial analyses of a portion of the

Apollo 15 data have been made by Phillips and Conel (1971). In all cases these

analyses of the Apollo 14 and 15 data consisted of computations of the line-of-

sight range-rate residuals to be expected of disk models and comparison of these

2



residuals with observed line-of-sight residuals. The conclusions from these

analyses were that the anomalous masses causing the anomalies at Mare

Nectaris and Mare Serenetatis were very near the lunar surface.

Present Analyses

A series of lunar gravity analyses have been carried out at NASA Goddard Space

Flight Center using Unified S-band tracking network data obtained from Apollos

8, 10, 11, 12, 14, and 15. Interim results of these analyses have beenpresented

previously in GSFC and contractor in house reports (Murphy and Siry (1969),

Felsentreger et al (1969), Murphy et al (1970), Fury et al (1971 a, b), Murphy

(1972)) and have been presented in papers at technical meetings (Strange et al,

1971) and, to a limited extent, have appeared in technical journals (Murphy and

Siry, 1970), and Murphy et al (1970).

The objective of the present report is to summarize the progress obtained to

date in these analyses as it relates to the estimation of lunar mass distributions

and their geologic interpretation. It is believed that these analyses will be of

interest, not only with regard to their lunar significance but also in terms of

the insight which they provide as to the degree to which satellite-to-satellite

tracking from high to low satellites can provide information on the internal mass

distributions of the earth.

The analyses reported here are of two distinct types. The first type of analysis

consists of the use of data from Apollo 8, 10, 11, and 12 at two ranges of high

altitude (95 to 115 km and 310 to 315 km) to estimate the total mass associated

3



with various lunar features employing a point mass assumption. This analysis

differed from previously reported analyses in that it utilized (1) exclusively

Apollo data, (2) a somewhat different method of estimating mass and (3) an

independent computer program.

The second type of data analysis reported consisted of detailed analysis of

Apollo 14 tracking data. These analyses differ from those of Sjogren et al (1971)

in that mass models in the form of rectangles and circular disks curved to

follow the lunar curvature were modeled in the differential correction process.

The mass of these rectangles and disks were obtained simultaneously with

initial conditions in the same way that Wong et al (1971) differentially corrected

for disk models. Also an attempt was made to interpret these Apollo 14 results

in context with other available lunar data.

Reduction and Analysis of Apollo 8, 10, 11, and 12 Data

In early Apollo missions (Apollo 8, 10, 11 and 12) there were two basic orbit

types. The first two revolutions in each mission were eccentric having apolune

and perilune distances of 310 to 315km and 95 to 115km above the lunar surface,

respectively, with apolune over the lunar frontside. The third and all suc-

ceeding orbits were nearly circular at 95 to 110 km above the lunar surface.

Owing to the slow lunar rotation rate and the moderate to low inclination of the

Apollo orbits, the groundtrackof the first two high orbits and several succeeding

low orbits for each spacecraft were nearly identical.
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For a typical frontside pass from one of these Apollo missions, from 5 to 8

stations tracked the spacecraft. Range-rate tracking data residuals from com-

puted orbits were the same from all stations tracking a pass and changed very

little between adjacent orbits at the same height. The residual pattern for

orbits of different heights seemed to differ only in that the variations for

the higher orbits had decreased amplitudes. This can be seen from an

examination of Figures la and lb and is illustrated in several references (See

the GSFC Apollo MSFN Metric Tracking Performance Reports 1969a, b, c,

1970a, 1971a, b, for example). In Figures la and lb the Apollo 10 operational

model, R2, (Risdal 1969) was used in the orbit computation.

The slope of the range-rate residuals at any time is a measure of a component

of the unmodeled acceleration along the direction of the range vector. Since the

maximum value of the acceleration was found to occur at about the same point

along the groundtrack for both the high and low orbits, these acceleration

maxima can be interpreted as being the result of the presence of an unmodeled

mass. If the assumption is made that the mascon is essentially a mass point

as far as the effect on an object at about 100 km or greater above the lunar

surface, the distance of this mass from the spacecraft is a simple function of

the height of the spacecraft above the surface and of the depth of the mass

point below the surface. From the orbit determination residual pattern for

each station in a one orbit solution, a measure of the maximum acceleration

5
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(an average of the maximum from all stations) can be obtained. This was then

done for about four or five consecutive orbits, the first two of which were high,

- 300km. Then we have two measurements of the acceleration on the space-

craft at two distinct heights due to a mascon under or nearly under the ground-

track. After applying the Newtonian law of gravitation for the residual accelera-

tion twice we have two equations in two unknowns which are easily solved. A

set of mass points determined from Apollo orbits together with the missions

that were sensitive to them and determination of the same mass points from

Lunar Orbiter tracking data are presented in Table 1.

Figure 2 illustrates the improvement to the fit of the tracking data typical for

an orbit of Apollo 12 when the last three! mascons in Table 1 were added to the

operational model, LI (Compton and Tolson 1969). The LI model itself consists

only five non-zero coefficients of degree two and three. The addition of the

mascons in Table 1 to the operational models for Apollo 11 and 12 also resulted

in an improved fit to the tracking data. The root mean square of fit to this

data for fifteen orbits of Apollo 11 and 12 was lessened by at least one third and

as much as three fifths when the point masses were added to the operational

model.

Reduction of Apollo 14 Tracking Data

During reduction of the Apollo 14 data, primary attention was given to the part

of the orbit in the vicinity of Mare Nectaris and the crater Theophilus. As shown

8
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by Sjogren et al (1971) and as shown in the profile-of Figure 3, the line-of-sight

residual accelerations obtained from the Apollo 14 data indicate a gravity

positive of - 150 mgal at satellite altitude (- 15 km) above Nectaris and a

negative acceleration equal to -100 mgal over the Crater Theophilus. Sjogren

et al (1971) computed the expected line-of-sight accelerations due to a number

of mass disks of varying radii and varying depths below the lunar surface. On

the basis of comparison of these computed accelerations with the observed

line-of-sight accelerations over Nectaris, Sjogren et al concluded that the

Nectaris anomaly could best be explained by a disk of 200 km radius located at

the lunar surface. Application to the line-of-sight accelerations of simple

approximations commonly used in gravity analysis in exploration geophysics

(Grant and West, 1965, pp 282-287) also indicated a shallow origin for the

anomalous mass associated with Nectaris and suggested near vertical density

contacts.

Directly to the east of the Nectaris positive anomaly the line-of-sight accelera-

tions indicated a negative anomaly equal to - -100 mgal in amplitude. It had

been demonstrated in simulation experiments that the process of least squares

fitting to half revolutions of data to obtain initial conditions could introduce

distortion in range rate residuals because of the nature of the least squares

process. In particular the creation of spurious gravity negatives adjacent to

large gravity positives was shown to be possible. Therefore, the question existed

as to the degree to which the - 100 mgal negative was real and to what extent it

11
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was a result of the least squares fitting process. :ii, order to investigate this

question and to improve the interpretation of the Nectaris positive anomaly it

was decided to dynamically model mass distributions directly in the differential

correction process.

; , .. '

The first test was to model the anomalous mass causing the Nectaris positive

gravity anomaly as a mass disk located at a distance of 1735 km from the lunar

center and about 15 km below the spacecraft. This disk had its center at

selenographic coordinates of 150 S latitude and 350 E longitude and was assigned

a radius of 300 km. A differential correction was then carried out with the

orbit initial conditions and the mass of the disk computed. Figures 4 and 5 pre-

sent the line-of-sight velocities before and after modeling the disk for both

high and low Apollo 14 orbits. From the residuals, it is clear that, although

the mass disk largely accounts for the positive gravity anomaly over Mare

Nectaris, ithas only minor effect on the gravity negative to the east of Nectaris.

It was therefore, concluded that this gravity negative was a real feature of the

lunar gravity field.

The next step in data analysis was to model the gravity negative to the east of

Nectaris in addition to modeling the Nectaris positive anomaly. In order to

assure that the positive and negative masses met at the correct point along the

orbit, two mass rectangles were used to represent the positive and negative

mass distributions. For a low orbit such as the 15km high Apollo 14 pass, the

13
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accuracy of the model within 30 to 50 km on each side of thegroundtrack is the

key factor. Thus the failure of the rectangle model to match precisely the true

horizontal extent of the causative masses is not of great significance. One of

the modeled rectangles extended from 290 E to 380 E; the other from 38° E to

440 E. The two rectangles were placed at the lunar surface.

In the differential correction, surface densities of +5.15 x 10s gm/cm2 for the

rectangle over Nectaris and -1. 62 x 105 gm/cm2 for the rectangle to the east

of Nectaris were obtained. Figure 6 presents a comparison of the observed

line-of-sight accelerations and those predicted by the two rectangle model for

the vicinity of Nectaris. Further improvements in agreement could have been

obtained by experimenting with minor adjustments in the model. The value of

such a procedure was felt to be questionable. Any density model found is non-

unique. Although other considerations, such as maintenance of physically

reasonable density contrasts, allows substantial conclusions as to the general

form of the mass causing an observed gravity anomaly, any number of different,

equally plausible, small mass variations can be called upon to explain minor

differences between the observed gravity and the model gravity.

The most important factor to note is that the rectangular mass layers at the

surface accurately map the steep gravity gradients associated with Nectaris.

Since the model is equivalent to a vertical contact between positive and negative

masses with both masses concentrated at the lunar surface, the chosen model

16
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provides the steepest possible gravity gradient over the positive-negative mass

contact. This leads to the conclusion that mass distributions at depths of

greater than 10 to 15 km could not explain the observed gravity anomaly.

In the final solution for the rectangular mass layers, surface densities of

5.15 x 105 gm/cm2 were found for the positive mass rectangle over Nectaris

and -1.62x 10 gm/cm2 for the negative mass rectangle east of Nectaris. The

actual volume density contrasts that this implies depends upon the vertical extent

assumed for the anomalous mass. In making a choice as to the correct vertical

extent of the anomalous mass and the implications to be derived from it, it is

necessary to consider some basic data concerning the moon and its density

distribution.

Numerous analyses have indicated that the moon is very nearly homogenous with

a mean density throughout of about 3.35 gm/cm3 . As demonstrated, for example

by Kaula (1969), the major topographic variations of the moon are isostatically

compensated. If this were not so, there would be gravity variations of over

800 mgal from point to point on the lunar front side due to variations in the

attraction of topography. The existence of isostatic compensation implies a

differentiated crust of lower density than 3.35 gm/cm3 . Two questions may be

asked concerning this low density crust are: What is the density of the material

forming it? What is the crustal thickness ?

18



With regard to the first question, both sample analysis and seismic data appear

compatible with a crustal density of the order of 2.85 gm/cm 3 (Kanamori, et al,

1969, Sutton, et al, 1970). If 2.85 gm/cm3 is accepted as the density of the

lunar crust, this implies alunar crust-mantle density contrast of .5 gm/cm3 .

With this density contrast, each kilometer of topographic height change would

require an isostatic root change of 5.7km. Since there are elevation

changes of approximately 8 km on the lunar front side (Baldwin, 1963, ACIC,

1963-1966), compensation requires a minimum lunar crustal thickness of at

least 45 km even if one assumes that, at the lowest point topographically on the

front side of the moon, the crustal thickness goes to zero. However, Mare

Serenitatis and Mare Imbrium are at low lunar elevations. To explain these

anomalies requires that the lunar crust be at least 10 to 20km thicker than45km.

This gravimetric computation of a 55 to 65 km lunar crustal thickness appears

to be supported by the seismic work of Toksoz, et al (1971) who identify a

significant seismic interface at about 65 km depth.

The general lack of correlation between observed acceleration residuals and

the topographic gravitational effect characteristic of isostatic compensation is

illustrated in Figure 7. Despite the uncertainties in lunar topographic measure-

ments one can conclude from this figure that

1. The gravity anomaly at Nectaris is only slightly related to topography,

2. The gravity negative associated with Theophilus is entirely topographic

in origin.

19
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Now consider Mare Nectaris. It must first be pointed out that contrary to the

situation with most maria, Mare Nectaris is not a topographic low. i Rather,

Nectaris lies on a slope between highlands to the west and the low lying Mare

Fecuntatis on the east. The areas north and east of Nectaris are at lower

elevation than Nectaris. Also assume that the elevation around Nectaris is

such that the "normal" crustal thickness (under the assumption of a 65 km

maximum crustal thickness) would be about 45km.

As illustrated in Figure 6, the gravity gradient observed at the eastern edge of

Nectaris can be very nearly matched by assuming positive and negative mass

density layers at the lunar surface. The physically realistic mass distribution

which most closely approximates the physically impossible surface mass layers

would be a vertical density contact. In order to match the steep existing gravity

gradient at the eastern edge of Nectaris, a nearly vertical density interface close

to the lunar surface must be postulated. If the contrast is about 0.65 gm/cm3 ,

the anomalous density layers would be about 10 km thick. A density contrast of

greater than 0.5 gm/cm3 is supported by the discovery that maria material

collected on the Apollo missions has a density of 3.35 gm/cm3 . A smaller

assumed density contrast would require thicker anomalous density layers.

However, if the density contrast were less than about 0.40 gm/cm 3, a sub-

stantial part of the anomalous mass would be at a greater depth than 15 km below

the lunar surface. Thus, the steep observed gradient could not be explained.

21



The density distribution picture obtained from the observed gravity field is

therefore one of an excess mass layer over Nectaris extending from the lunar

surface to a depth of 10 to 15 km in nearly vertical contact with an area of mass

deficiency to the east of Nectaris (this mass deficiency is also very near the

surface).

The most interesting aspect of the two facts that:

1. The anomalous mass is within about 15 km of the lunar surface at

Nectaris, and

2. The lunar crust at Nectaris appears to be over 40 km thick,

is that these facts are incompatible with the most prominent models used to

explain the maria.

To understand the incompatibility that exists, one must recognize an incorrect

assumption which is often made. This is the assumption that perfect isostasy

implies zero free-air gravity anomalies. For features of finite dimensions

(such as the circular lunar maria), this assumption of implied zero free-air

gravity anomalies is incorrect.

The manner in which the incorrect assumption leads to erroneous conclusions can

be seenin Figure 8. In Figure 8a isostasy would exist if 2. 85 t 1 = 3.35 t 2 . Con-

sider Figure 8b where additional material of thickness t 3 = t 1 - t 2 and density

3.35 gm/cm3 is added. In one sense, i. e., with respect to the maximum

magnitude of the anomaly, it may be proper to say that the gravity anomaly
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resulting is that caused by a layer of thickness t 3 and density 3.35 gm/cm3 . In

another sense, however, i. e. , with respect to the shape of the anomaly, the

assumption is incorrect. The gravity anomaly produced by the density distrib-

ution of Figure 8b would be that of an anomalous mass t 1 km thick and having a

density differential of 0.5 gm/cm3 .

Keeping the above fact in mind, it is clear that the available gravity data at

Nectaris is not compatible with the theory of a hole being blasted in a 45 km

crust and then being filled up to the beyond isostatic equilibrium, as suggested

by Wise and Yates (1970), Rather one is led to a theory illustrated in Figure 9.

This figure indicates a condition where a crater some 10 to 15 km deep is formed

in a lunar crust of density 2.85 gm/cm3 and filled with flow material of density

3.35 gm/cm3 . This flow material would presumably be drawn from the lunar

mantle through fractures caused at impact. The negative east of Nectaris would

arise from fractured crustal material adjacent to the original crater with the

fracturing having lowered the crustal density to about 2.65 to 2.70 gm/cm3 .

The model illustrated in Figure 8 appears to fit Serenitatis also as illustrated

by the results of Phillips and Conel (1971) and the profile of line-of-sight velocity

residuals illustrated in the final MSFN Metric Tracking Report for Apollo 15

(GSFC, 1971). As illustrated in that report large negative anomalies are indi-

cated adjacent to Serenitatis which, based on the analysis of Nectaris described

above, can be assumed to be real.
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In summary, the gravity field over lunar mascons, as represented by Nectaris

and Serenitatis can best be explained by a model such as that of Figure 9. This

model implies that the impact of a large body produced a crater some 10 to 15

kilometers deep fracturing the area around and beneath it. Through heating from

impact and release of stress lava was formed which flowed up through fractures

and filled the craters.
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