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Abstract-A new mascon hypothesis is proposed which accounts for: (1) the existence of lunar mas-

cons for more than 3 b.y., (2) the evidence for extensive volcanic activity from 3.7 to 3.2 b.y. ago, (3)
the existence of negative gravity anomaly rings, (4) insufficient mare material in Mare Orientale, and
(5) the lack of mascons associated with craters smaller than 200 km diameter. Moreover, it provides a
simple mechanism for mass transfer into the basins. The hypothesis is based on the perturbations introduced into a spherically symmetric thermal evolution model of the moon by a giant impact.

INTRODUCTION
SINCE the discovery of the lunar mascons (Muller and Sjogren, 1968) several
hypotheses have been proposed for their formation. These are mainly concerned
with the creation of excess mass in a circular basin. However, recent analysis of
the lunar gravity field and radioactive age determination of the lunar rocks have
provided further criteria that must be fulfilled by a plausible mascon hypothesis.
These criteria are:
I. Late volcanic activity: Radioactive age determination indicates extensive
volcanism on the moon from 3.7 to 3.2 b.y. ago (Papanastassiou and Wasserburg,
1971; Fouad et al., 1973). This volcanism was independent of the early differentiation process which probably took place within the first 0.1 b.y. of the lunar history
(Fouad et al., 1973). Also, it did not follow the giant impact events immediately,
but rather the impact sites remained dry for about 100-500 m.y. (Shoemaker, 1964;
Baldwin, 1970). After this elapsed time the volcanism started and filled the basins
by successive superposed flows of mare material (Ronca, 1971). This evidence implies that in some places the lunar interior became hot around 3.7 b.y. ago and
stayed hot for about 0.5 b.y. The latest flows in a mare are typically tongue-shaped
which probably originated from the circumferential region and flowed into the
basin (Ronca, 1973). This indicates that the hot places were likely beneath the
highlands surrounding the basins. Notice that we use basin to denote the excavation zone of an impact site, i.e., the region inside the inner ring of a mare while
highland denotes the surrounding area whether part of it is presently overlayed by
mare material, as for example in Mare Imbrium, or whether it is not, as in Mare
Orientale.
II. Negative gravity anomalies: The spherical harmonic analysis of lunar orbiter data (Michael et al., 1969; Michael and Blackshear, 1971) showed that the
positive gravity anomalies associated with circular maria are surrounded by nega*Permanent address: Department of Physics, Arya-Mehr University of Technology, Tehran, Iran.
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tive ones (the negative rings). The existence of the negative rings was confirmed
by the S-band transponder experiments of the Apollo missions and subsatellites
of Apollos 15 and 16 (Sjogren et al., 1972a, b, c; Sjogren et al., 1973). Figure 1
illustrates a gravity profile deduced from Apollo 15 data (Sjogren et al., 1972b).
Notice that the magnitude and the width of the negative anomalies are comparable
with those of the positive ones. Since the sources of the positive anomalies are
most likely located at very shallow depths (Phillips et al., 1972) the sources of the
negative ones are also probably at shallow depths.
Besides the negative rings, it has been shown that, with the exception of
Grimaldi, all craters studied with diameters less than 200 km have negative gravity
anomalies (Sjogren et al., 1973).
III. Prolonged existence of the mascons: The mascons have existed at least
since the latest volcanic activity, 3.2 b.y. ago. This indicates that the upper
200-400 km of the lunar interior has been strong enough to support stress differences of more than 100 bars for this long time period (Arkani-Hamed, 1973a,b).
From the Apollo 15 gravity and laser altimetry data it is concluded that the
positive gravity anomaly associated with Mare Serenitatis has decayed with an
average relaxation time of at least 5 b.y. (Arkani-Hamed, 1973c), in close agreement with a value given by Kaula (1969).
IV. Mass transfer mechanism: Besides the foregoing criteria a plausible
mascon hypothesis should give an appropriate mechanism for mass transfer to the
mana.
Notice that criteria I and II are not consistent unless two separate regions of
the moon are related with the associated phenomena. It is hypothesized in this
paper that the region directly beneath a circular basin is responsible for prolonged
existence of the associated mascon while the region beneath the surrounding highlands provided the material for the volcanic flows.
Existing mascon hypotheses are classified as external and internal. The external hypotheses, involving deeply buried iron meteorites (Stripe, 1968), or remnants of basin-forming projectiles (Urey, 1968; Urey and McDonald, 1971) do
not create negative gravity rings nor do they explain a lag of 100-500 m.y. between
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Fig. 1. Gravity profile deduced from Apollo 15 data (Sjogren et al., 1972b).
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formation of the basin and the volcanic activity. Thus they conflict with criteria I
and II. Some of the internal hypotheses (Conel and Holstrom, 1968; Baldwin,
1968; O'Hara et al., 1970) do not satisfy criterion II, nor do they provide a
mechanism for mass transfer. The mascon hypotheses proposed by Wood (1970)
and by Wise and Yates (1970) give somewhat similar mechanisms for mass transfer. They do not, however, satisfy criterion II, nor do they satisfy criteria I and III
simultaneously. A transfer of mass by a global excess pressure produced by the
thermal contraction of the outer part of the moon with respect to the inner part as
suggested by Kaula (1969) cannot produce negative gravity anomalies surrounding
the positive ones and thus cannot satisfy criterion II. Moreover, it does not
explain a delay of 100-500 m.y. between the impact event and the volcanic
activity.
In the present paper a new hypothesis is proposed for the formation of the
lunar mascons which not only satisfies all the foregoing criteria but is consistent
with the small amount of mare material in Mare Orientale and with the lack of
mascons associated with craters smaller than 200 km diameter. According to this
hypothesis mascons are produced by perturbations introduced into an otherwise
spherically symmetric lunar model by the giant impacts.
IMPACT PERTURBATIONS

Here we briefly outline the perturbations produced by a giant impact. Pertinent
perturbations are:
(1) The formation of a basin by ejection of material from the impact site. This
will introduce the relatively low surf ace temperature to a deeper part of the moon
at the basin. It also displaces substantial amounts of radioactive material from the
basin onto the surrounding area and enhances the rate of heat generation in the
highland region relative to that in the basin.
(2) The reduction of the effective thermal conductivity of the region beneath
the highland by impact induce fractures. However, beneath the basin because of
pre-impact high temperatures and because of the heat energy of the impact, the
fractures would close.
(3) The coverage of the highland with a thick ejecta blanket of low thermal
conductivity. Both the blanket and the impact-induced fractures, cause thermal
insulation in the highland. Therefore, the region beneath the basin cools much
faster than that beneath the highland.
MASCON HYPOTHESIS

In this section, the effects of the perturbations on the thermal evolution of the
moon are determined and the formation of a mascon as a consequence of this
evolution is described. Mare Imbrium is chosen as a numerical example. It is
assumed that a spherically symmetric lunar model is subjected to the Imbrium impact at 4 b.y. ago. The estimated age of the formation of the Imbrium basin is
3.9b.y. (Baldwin, 1971a). Toksoz and Solomon's (1973) thermal model is adopted
for the symmetric lunar model because the detailed information of its parameters
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Table 1. Physical properties and geometrical parameters
of the lunar model. Differentiation depth denotes the
depth above which the upward concentration of the
radioactive material has taken place. Below this depth the
radioactive material is distributed uniformly. This upward
concentration reduces to 1/e of its surface value at the
skin depth.
Radius
Density
Heat of fusion
Specific heat

u

K/U
Th/U
Surface temperature
Thermal conductivity
Differentiation depth
Skin depth

1740km
3.34 g/cm'
400 joules/g
1.2 joules g/°C
60ppb
2000
4
0

0.03 watt/cm deg

800 km
100 km

are available. The model consists of a solid surface layer of 100 km, the lithosphere, underlain by a partially molten layer of 800 km, the mantle, which in turn
overlies a uniform solid sphere. Table 1 shows the physical parameters, chosen by
Toksoz and Solomon (1973) with the exception of thermal conductivity for which
we have chosen a constant value. It is, however, demonstrated that using a
temperature dependent thermal conductivity such as the one used by Toksoz and
Solomon has little effect on the lateral variations of temperature in the lunar interior (Arkani-Hamed, 1973d). The Imbrium impact is inferred to have produced a
basin 600 km in diameter and 50 km in depth, in close agreement with estimates by
Baldwin (1970). Figure 2 illustrates the basin immediately after its formation.
Notice that (1) the ejecta blanket is assumed to be a uniform layer of 5 km thick.
The thermal insulation of this blanket is less than the plausible wedge-shaped actual blanket of Imbrium, (2) the fractured zone is confined to the upper 20 km of
the highland. The hydrostatic pressure below 20 km depth is greater than 1 kb
which is sufficient to close the fractures at the temperature conditions existing in
this region (Walsh and Decker, 1966). The effect of fractures and ejecta blanket is
incorporated into the upper 20 km of the highland by reducing its thermal conductivity by a factor of 2. (3) A mantle plug of 20 km thickness and a molten layer of
10 km thickness on the basin floor are introduced instantaneously for the simplicity of computation. They are meant to present the average effect of continuous
isostatic adjustment and volcanic flow respectively. The detailed description of
the model is presented elsewhere (Arkani-Hamed, 1973e).
Assuming that there is only one impact basin, the post-impact thermal state of
the moon is azimuthally symmetric about the Z-axis (Fig. 2). Therefore, the
relevant diffusion equation is
Cp

:t

T

= ;2 :, (r 2K

:, T) +

,2 s!n O 0°0 ( K sin o }0 T) + A
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Fig. 2. A portion of the initial lunar model near the impact site. The isotherms are
concentric spherical surfaces except in the lithosphere and the uppermost part of the
mantle beneath the basin where they have been displaced upward by 20 km.

where C = heat capacity, p =density, A = heat generation rate, t = time, r = radial
distance from the center of the moon, 0 = co-latitude, K = thermal conductivity,
and T = Temperature. Equation (1) is solved under the following boundary and
initial conditions:
1. Regularity of the solution at the center of the moon,
2. Vanishing of the temperature at the lunar surface, and
3. At time t = 0 the temperature distribution inside the moon is the same as
Toksoz and Solomon's model.
The numerical procedures employed are similar to those presented in a previous
paper (Arkani-Hamed, 1973d). A liquid state convection process similar to that
adopted by Reynolds et al. (1966) is also used in the present calculations.
Figure 3 illustrates the variations of temperature with depth beneath the center
of the basin at different times after the impact. The molten layer on the basin
becomes completely solidified within the first 1 m.y., while the mantle plug takes
more than 100 m.y. This is because (1) the temperature at the surface of the
molten layer is much lower than that at the top of the mantle plug, and (2) the
upward heat flux by fluid convection into the mantle plug enhances the amount of
heat available there, while such excess heat is not available in the molten layer.
The thermally insulating ejecta blanket and fractured zone elevate the temperature beneath the highland relative to that beneath the basin. Figure 4 displays the
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Fig. 3. Temperature variation with depth beneath the center of Imbrium basin. The
numbers on the curves denote the time after the impact in b.y. The early stages of the
temperature variations are illustrated in an expanded scale for clarity.

lateral variations of temperature at 0.5 b.y. after the impact which illustrates the
influence of the impact on the thermal evolution of the moon. Included in the
figure is the 1160°C isotherm which does not undulate, indicating that the impactinduced perturbations of temperature do not penetrate the partially molten region,
i.e., deeper than 140 km within 0.5 b.y.
Because of the highland-basin temperature difference, the lithosphere thickens
at different rates under these regions. Figure 5 illustrates the lateral variations of
the base of lithosphere, at different times. The lithosphere beneath the basin thickens monotonically while that beneath the highland becomes molten to a depth of
0
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Fig. 4. Lateral variations of temperature in the upper part of the moon 0.5 b.y. after the
impact. Units are in °C.

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System

1973LPSC....4.2673A

2679

On the formation of the lunar mascons

0
0

5

CO-LATITUDE (DEG.)
10

15

20

HIGHLAND
BASIN

.0

Fig. 5. Lateral variations of the base of lithosphere. The numbers on the curves denote
the time after the impact in b.y.

80 km within the first 0.5 b.y. and then starts to thicken. The stresses associated
with the volume increase due to the remelting process enhance the global excess
pressure locally and introduce new fractures and/or open the impact-induced fractures in the overlying lithosphere, causing magmatization and volcanic activity
which transfers the mare material from beneath the highland onto the basin.
Moreover, the prolonged existence of the molten phase beneath the highland,
probably enhances the differentiation of the underlying region and the upward
concentration of the lighter material which results in the present day observed
negative gravity rings. On the contrary, since the region beneath the basin solidifies relatively faster, no significant differentiation takes place and the lithosphere has the same density as the solidified mantle material.
It remains to demonstrate the prolonged existence of the mascon. The initial
depth of the basin, 50 km, implies that the total mass of the mascon associated
with Mare Imbrium is about an order of magnitude less than the total mass of the
mantle plug plus the mare filling (Arkani-Hamed, 1973e). This indicates that the
mascon was probably formed at the latest stage of volcanism, i.e., when the
lithosphere beneath the basin was about 150 km thick and the underlying molten
mantle was about 700 km thick. Bearing in mind that, because of the molten mantle, the stress differences produced by the mascon were confined to the lithosphere (Arkani-Hamed, 1973a), the response of the lunar model to these stresses
could be approximated by that of a two layered spherical body; a viscous
lithosphere overlying an incompressible fluid interior. Figure 6 illustrates the
viscosity-thickness relationship required for the lithosphere in order that the
stress differences decay with a relaxation time of 5 b.y. The figure is constructed
from the tabulated results of Shimazu (1966) for a surface load specified by a
spherical harmonic of degree 8. This harmonic is very close to the principal term
of the spherical harmonic analysis of the Imbrium mascon. * It is clear from

*A feature of diameter L on a sphere of radius a has a spherical harmonic expression whose
principal term is of degree n = 7ra/L. In the case of Imbrium L = 600 km, a= 1740, and thus n = 9.
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Fig. 6. Viscosity-thickness relationship of a viscous surface layer overlying an incompressible fluid interior, constructed from the tabulated results of Shimazu (1966).

the figure that a viscosity of at least 1.5 x 10-25 stokes ( = 5 x 1025 poise) is required
for the lithosphere in order that the stresses produced by the freshly formed mascon decay with the lower limit of the relaxation time, 5 b.y. This viscosity value is
not far from the lower limit of 1.1 x 1025 poise proposed for the lunar crust by the
analysis of the diameter-depth relationship of the lunar craters (Baldwin, 1971b).
However, as the lithosphere thickens, a higher viscosity is required in order to
maintain a relaxation time of 5 b.y. Numbers of the curve denote the times after
the impact at which the lithosphere beneath the basin acquires the associated
thicknesses. For example, a lithosphere 200 km thick would form about 1.4 b.y.
after the impact or about 0.6 b.y. after the formation of the mascon. Or, according
to the lunar passive seismic data (Latham et al., 1973) the thickness of the
lithosphere at the present time is about 800-1000 km and a viscosity of about
5.6-7.3 x 1026 poise is required if the stresses associated with the observed mascon decay with a relaxation time of 5 b.y. The increase of viscosity required by the
thickening of the lithosphere is provided by the cooling of the lithosphere.
In this paper we have adopted a lunar model with an initially hot upper part,
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and it appears that the presence of mascons can be made compatable with such a
model. However, even though the hypothesis has provided us with an efficient
procedure for elevating temperatures beneath the highland, it remains for future
study to demonstrate whether it is possible to produce a partially molten local
region in an initially solid moon by this procedure. If it is possible, then this
hypothesis will remove the objection made of the cold moon theory in the light of
volcanic activity between 3.7 and 3.2 b.y. ago.

MARE

ORJENTALE AND SMALL CRATERS

In this section we point out the consistency of the proposed mascon
hypothesis with the small amount of mare material in Mare Orientale and with the
lack of mascons associated with craters smaller than 200 km diameter.
The Orientale impact probably took place 3.6 b.y. ago (Hartmann and Wood,
1971; Baldwin, 1971a) and produced a basin of about 300 km diameter. Using the
diameter/depth ratio of the Imbrium basin, the depth of the Orientale basin is
about 25 km, however, we take it to be 30 km since Orientale basin was probably
formed by a high velocity projectile (Urey and McDonald, 1971). For the same
reason described for Imbrium basin, a 10 km mantle plug and a 10 km molten layer
in the basin are introduced immediately after the impact event. Despite the small
size of the Orientale impact, its effect on the thermal conductivity of the surrounding highland, both due to its ejecta blanket and impact induced fractures, are
assumed to be the same as that of Imbrium impact. This enhances the effect of the
Orientale impact in elevating temperature beneath the highland to some extent but
not drastically. Figure 7 illustrates the lateral variations of the base of the lithosphere at different times after the Orientale impact. The calculation procedure is
the same as that employed for Imbrium. Although the thermal conductivity of the
highland is the same as adopted for Imbrium, there is only a very limited remelting
at the base of the lithosphere beneath the highland. This is because of the
reduction of radioactive material through their decay processes between 4 and
3.6 b.y. ago and also because of the thick pre-impact lithosphere, which is taken to
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Fig. 7. Lateral variations of the base of the lithosphere beneath Mare Orientale.
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be 120 km (This is the thickness of the lithosphere at a place far from Mare
Imbrium, where the Imbrium impact had no effect on the temperature distribution,
8 >90°, at 0.4 b.y. after the Imbrium impact). A similar reason was also suggested
by Kaula (1971). The slow thickening of the lithosphere beneath the basin is,
however, due to the small size of the basin. The limited remelting produces stress
differences small enough that they cannot produce new fractures and/or open the
impact-induced ones in the overlying lithosphere effectively. Therefore, only a
limited amount of mare material could flow onto the basin. Wise and Yates (1970)
attributed the lack of extensive volcanism on the back side of the moon to the
discrepancy between the center of figure and center of mass of the moon. The
present mascon hypothesis does not contradict their suggestion but rather it takes
the advantage of the suggestion in explaining the small amount of filling of the
Orientale basin as well as of other large impact basins of the lunar back side. It is
clear from the figure that there was no prolonged molten state at about 100 km
depth beneath the highland and therefore, there was possibly no extensive upward
differentiation of light material in order to produce the observed broad negative
gravity anomaly ring (Sjogren et al., 1972c). However, the small amount of mare
material that flowed into the basin, did not fill the interval between the first and the
second rings and thus could not reduce the negative gravity anomaly of the
surface topography. Therefore, the broad negative gravity anomaly associated
with this mare is partially, if not totally, due to the surface topography.
To apply the present mascon hypothesis to small craters, it is assumed that a
crater with 180km diameter and 15km depth is formed by an impact 4b.y. ago.
The other parameters of the crater are obtained by suitable scaling of those of
Mare Imbrium, except the mantle plug and molten layer on the basin which are not
introduced for small craters. Figure 8 illustrates the lateral variations of temperature produced by the crater at 0.5 b.y. after its impact. It is clear from the figure
that the perturbations introduced to an otherwise spherically symmetric moon are
negligible and they cannot produce any appreciable undulations of the base of the
lithosphere and subsequent magmatization and volcanism. Therefore, according
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to the mascon hypothesis, such a crater is not expected to be filled by mare
material and has no positive gravity anomaly.
SUMMARY

In the present paper it is shown that a giant impact causes thermal insulation in
the highland surrounding a basin by inducing fracture and also by covering the
region with a thick and low-conductive ejecta blanket. Consequently, a laterally
heterogeneous thermal regime develops in the lunar interior, which results in fast
cooling of the region beneath the basin and remelting of the base of the lithosphere beneath the highland. The former results in a thick lithosphere strong
enough to support the associated mascon and the latter produces high stresses
which create fractures in the overlying lithosphere and cause volcanic activity and
subsequent transfer of mass from beneath the highland into the basin.
It is also concluded that the small amount of filling of Mare Orientale is mainly
due to its impact time, late in the thermal history of the moon. The lack of
mascons associated with craters smaller than 200 km diameter is because of their
small sizes.
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