
Lunar Mascons: Another Interpretation 

Muller and Sjogren (1) discovered 
that the lunar gravitational field is 
rough and showed that there are large 
mass concentrations under the six cir- 
cular maria which are visible from the 
earth. This discovery must affect the 
details of any proposed history of the 
origin of these structures. 

These authors (1) determined that 
the mascon at Mare Imbrium was cen- 
tered about 50 km beneath the surface 
and that there was a mass excess of 
about 20 x 10-6 lunar masses. This is 
equal to a nickel-iron sphere about 70 
km in diameter. They asked the ques- 
tions: "Does each of these mascons 
represent an asteroidal-sized body 
which caused its associated Mare by 
impact?" "If not simply the original 
impactor itself, by what processes were 
they formed in the lunar interior?" "Is 
the presence of these objects consistent 
with a molten lunar interior?" 

Several comments seem warranted. 
All the circular maria show a cer- 
tain amount of asymmetry, but only 
Mare Imbrium and possibly ancient 
Mare Serenitatis depart so widely from 
radial symmetry as to suggest low- 
angle-low-velocity impacts. The mini- 
mum velocity of impact is 1.68 km/ 
sec. Presumably these impacts were at 
2 km/sec or greater, and the back pres- 
sures generated should have been great 
enough to cause the asteroid to lose 
cohesion and to "turn itself inside out." 
Probably a considerable fraction of the 
mass would have been backfired out of 
the crater. It is barely possible that 
some fraction of the mass of a nickel- 
iron asteroid might remain in the pit 
of a very low-velocity impact, but it is 
rather doubtful that this would occur 
if the body were of rock instead of 
nickel-iron and it is even harder to 
consider that much of the impinging 
body would remain in the pit if the 
velocity were high. Mare Orientale 
gives every evidence of having been 
formed in a high-velocity collision. It 
is quite different from the other circu- 
lar maria in character as well as age, 
and yet it does have a buried mascon. 

If the impacting velocity were very 
low it is highly probable that the col- 
lision was between two satellites of the 
earth. Thus, it would appear that the 
origin of the mascons should be found 
either in the collision effects on the 
lunar material or in subsequent effects 
on the crater. 

In terrestrial meteoritic craters of 
much smaller sizes, the rocks below the 
crater are severely brecciated and are 
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of lower bulk density after the impact 
than they were before. Possibly the 
rocks were compressed to higher densi- 
ties at these giant lunar craters, but, if 
so, the effect should not be so sharply 
concentrated toward the crater centers. 
This leaves only postimpact effects as 
probable causes of the mascons. 

These giant craters were formed dry 
(2; 3, p. 305). There was some pres- 
sure melting, but the vast floods of 
lava came considerably after the main 
event. Major isostatic adjustments oc- 
curred at these sites, and the adjust- 
ments have gone both ways. The very 
ancient giant crater (3, p. 194) stretch- 
ing from the Altai scarp to Werner was 
never lava-filled. It was almost elim- 
inated by a rising floor and subsiding- 
rim type of isostatic adjustment. At 
best, the gravitational map shows only 
a very minor increase in mass within 
this crater, and in its southern reaches 
the effect is reversed. Conversely, the 
maximum gravitational distortions are 
reserved for the great circular craters 
which were filled with lava and where 
the isostatic adjustments reduced the 
surface levels to the lowest values ob- 
served on the moon. 

On the basis of the best available 
data, Pike (4) showed that up to a di- 
ameter of about 20 km the lunar craters 
maintain their original contours, but 
above this size they become progres- 
sively more distorted, presumably by 
isostatic forces. From these data, a 
threshold strength of the lunar crustal 
layer of 3 to 5 x 107 dyne/cm2 was 
calculated (5). For stresses above this 
limit, isostatic adjustments can occur; 
the larger the diameter of a crater the 
easier and quicker the adjustments will 
be made. These adjustments will be of 
major importance at the circular maria. 

If Pike is correct in stating that the 
formations of all craters are isometric 
phenomena, then even the largest lunar 
craters were instantaneously of the 
form defined by his equations (6): 

Ri=O.155Dr0o 9 

Re=0.042Dr0 s8 

where R, is the internal relief from 
crater rim to maximum depth; Dr is 
the rim to rim diameter; and Re is the 
height of the rim above ground level. 

The diameter of the Mare Imbrium 
central crater is 676 km, and from this 
we find that Ri - 76 km, Re 25 km, 
and hence the initial depth of Mare 
Imbrium below ground level was about 
51 km. Let us postulate the following 
series of events. 

1) Mare Imbrium was formed by a 
giant impact. 

2) Its initial depth was approxi- 
mately 50 km. 

3) It was formed dry-that is, not 
lava-filled. 

4) It began to distort isostatically, 
rapidly at first, then more slowly. 

5) Before the basin disappeared, 
lavas from the body of the moon rose 
and began to selectively fill the low 
spots. There were many flows, not just 
one. 

6) These lavas were substantially 
denser than other surface rocks. The 
outer portions of some flows were 
basalt-like (7). Basalt has a bulk den- 
sity of about 2.95. It can be argued 
that the observed thinness of the in- 
dividual flows implies that at least some 
were of ultrabasic rock and hence of 
still higher density. This is not a vital 
distinction here. 

7) Tension cracks (rilles) on the 
periphery and compression features 
(wrinkle ridges) in the interior of Mare 
Imbrium and the great depth of the 
present surface of the central crater 
relative to the lava-covered surround- 
ings are evidence that subsidence and 
compaction have occurred (3, p. 381). 

8) If the prelava surface of the 
moon as exemplified by the continental 
regions is composed substantially of 
acidic materials, then it is probable 
that the density of the lava after solidi- 
fication is about 0.4 g/cm3 greater than 
that of the continental type rock. This 
assumption cannot be verified at pres- 
ent, but it seems highly probable. The 
Tycho-Surveyor measurements of rock 
composition cannot be used here be- 
cause we do not know the origin of the 
rocks analyzed. They could be conti- 
nental, or they could have been ejected 
from Tycho and highly modified. 

9) Pike has shown that even the 
very young craters like Tycho are be- 
ing modified isostatically so presum- 
ably the interior of the moon is still very 
hot. 

10) If sufficient lava is released into 
a giant crater it will continuously de- 
press the crater bottom due to the in- 
creased load of high-density matter. 
The original bottom of the crater may 
then sink back to its original position 
or even deeper into the moon. The 
cold solidified lava probably would be 
denser than the hot subsurface materi- 
als beneath the crater. 

11) By this mechanism, a dense lens 
of material could be formed that was 
centered in the crater and capable of 
yielding the gravitational effects mea- 
sured. 
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12) Some dense matter from the 
meteorite might also remain in the pit 
and would add to this effect. The tiny 
Arizona meteorite crater was formed 
by a rather low-velocity object, and a 
small amount of nickel-iron was found 
by drilling below the crater floor. 

We may apply these 12 suggestions 
to Mare Imbrium as follows. Muller 
and Sjogren measured the excess as 
20 x 10-6 lunar masses for a depth 
of 50 km. This is equal to 1.46 x 
1021 g. It is assumed that the internal 
contour of the crater bottom is para- 
bolic, and hence the excess mass of the 
lens may be expressed as 0.392 Apr2h, 
where Ap is the excess of density, in 
this case 0.4; r is the radius of the Im- 
brian crater, 3.38 X 107 cm; and h is 
the maximum depth below ground 
level. Solving for h, we find it to be 
82 km. This value for the bottom of 
the high-density lens is in good agree- 
ment with the value of 50 km for the 
depth of the mascon that was suggested 
by the Orbiter observations. The con- 
centration of excess mass toward the 
center of Mare Imbrium in this model 
is also consistent with the gravitational 
:measures. The average depth of lava 
in the Imbrian crater would be only 
one-eighth of the maximum central 
depth. Smaller maria and craters should 
show smaller mascons with the mass 
excess varying with the cube of the 
crater diameter. The observations of 
Muller and Sjogren are consistent with 
this interpretation. 

This analysis does not rule out the 
slight possibility that meteoritic mate- 
rial buried within the great craters does 
contribute to the observed mass con- 
centrations, but it does suggest that a 
high-density lava infilling, aided by iso- 
static adjustments which caused the 
crater bottom to sink, can explain the 
major positive residuals of this gravi- 
metric map. 

RALPH B. BALDWIN 
Oliver Machinery Company, 
Grand Rapids, Michigan 49502 
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Muller and Sjorgren (1) have con- 
eluded that there are very massive objects 
in certain locations at the surface of the 
moon. Five of these occur in the col- 
lision maria and one in the mountain- 
ous area near Sinus Medii. The calcu- 
lated gravity anomaly at 100 km above 
the surface normalized to an object 50 
km beneath the surface is 230 mgal 
for Mare Imbrium. This is the largest 
one observed. They estimate the diam- 
eter of the object as some 200 km. The 
gravitational field at height h above 
the center of a flat plate of radius a 
and has a mass of 5.2 X 1021 g. The 
density than the material in which it is 
embedded of Ap is 

27rG^pd [ -(a2 h-2) 

If we use this formula with Ap equal 
to 5 for iron-nickel in silicate ma- 
terials, d should be 3.75 km if the 
object is in the surface, and 6.6 km if 
it is 50 km below the surface. 

If the object is a uniform circular 
plate covering the inner collision area 
670 km in diameter with a density dif- 
ference of 1 g/cm2, that is, H-group 
meteoritic material embedded in basaltic 
material, the object is 3.8 km thick 
and has a mass of 5.2 X 1021 g. The 
colliding object, if spherical, was 68 km 
in radius and if it arrived with the escape 
velocity of the moon, that is, 2.4 km/ 
sec, its energy was 1.5 X 1032 erg. The 
formula given by Baldwin (1a), 
namely: 

log D (km) = 0.3284 log E (erg) - 7.924 

where D is the diameter of the crater, 
which if taken as 670 km, gives 5 X 1032 
erg for the energy and a mass of 2 X 
1022 g if the velocity was 2.4 km/sec. 
The agreement is satisfactory if we 
remember that all formulas and models 
are approximate, and the partial isostat- 
ic equilibrium has probably been estab- 
lished. It is probable that a deeper 
pool of higher density material lies near 
the center of the mare, The general fea- 
tures are entirely in accord with those 
presented by Urey (Ib). It may be 
that such objects, as well as the smaller 
varieties, contributed many layers similar 
to the visible one and that these ac- 
count for the larger irregularities noted 
first from the exact studies of the motion 
of the moon. 
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example, because it exhibits a maxi- 
mum effect, we come to the conclusion 
that the viscosity of the moon must be 
higher than that of the earth by about 
a factor of 104-using a formula due 
to Haskell (2) for the time required 
to establish nearly complete isostatic 
equilibrium, namely, T = 20,7/Apgl, 
where T is the time, taken as 4.5 x 
109 years, Ap the difference in density 
between the mass and the surroundings, 
assumed to be 5 g/ cm3 in this case, 
g is the gravitational force at the sur- 
face of the moon, and I is the linear 
dimension of the material not in 
isostatic equilibrium. It would appear 
that an object collided with the moon, 
flattened out below the surface, and 
left high density masses in these loca- 
tions which have remained there ever 
since the maria were formed. The one 
in the mountainous region appears to 
have been covered by debris due to 
subsequent collisions, for example, 
those of Maria Imbrium and Serenita- 
tis. 

Lava flows occur on the earth by a 
process in which a mass of solid sili- 
cates sinks and displaces a liquid sili- 
cate which rises in a column. In order 
for flow to occur, the mass per unit 
area in the solid mass which is sinking 
must be greater than the mass per unit 
area in the column area which is rising. 
Since the liquid has a lower density 
than the solid, a positive flow results 
which has, at times, produced very 
large flows of lava on the surface of the 
earth. This has occurred, for example, 
in the Hawaiian islands, in the fam- 
ous Oregon basalt flows, and in the 
Deccan traps of India. This results in 
a buildup of basaltic type silicate 
masses whose density is lower than 
that of the rocks in the mantle of the 
earth. The liquid rises above the sur- 
face, solidifies, becomes more dense as 
a result of this, another breakthrough 
occurs, and more flows out on top. Due 
to the strength of the supporting crustal 
rocks a positive gravity anomaly can 
develop. This then disappears by slow 
settling of the mass after the volcanic 
activity has become quiescent. The re- 
sult is that lava flows form mountain- 
ous masses and temporarily positive 
gravity anomalies on the earth. This is 
to be contrasted with what we see on 
the moon, where the positive gravity 
anomaly is in the low area of the maria, 
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