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Abstract. Several published mass configurations of mascon models
have been used to calculate and compare gravity models for Mare
Crisium. The calculations are based on line-of-sight (LOS) gravity
data from the Apollo missions. A new model consisting of mare
basalts, a crust-mantle mix, and a mantle plug is presented. Addi-
tionally, an isostatic model has been developed. A detailed regional
model from southern Imbrium over Mare Serenitatis to Mare
Crisium has been calculated, based upon the new model. Crustal
thickenings have been introduced in order to fit the gravity lows
bordering the mare basins.

A discussion of the stability of the mascons, presented in this
paper, leads to the following conclusions: (1) the average postmare
upper mantle viscosity must be greater or equal to 10?7 poise;
(2) high temperature models seem to be inappropriate considering
this high viscosity and the mascon shear stresses of 65 bar at
a depth of 200 km. The second statement could be revised in
the light of investigations of a totally dry rheology.

Key words: Crustal gravity models — Lunar mascons — Lunar
upper mantle rheology.

Introduction

Since lunar line-of-sight (LOS) gravity data derived from space-
craft Doppler tracking signals have been available, several methods
of gravity modelling have been developed. Conventional geophysi-
cal computation of the vertical gravity component of a given
mass model is not possible (1) because of the line-of-sight nature
of the data and (2) because of the least squares procedure of
orbit determination which introduces an amplitude compression
of 25%-30%. The methods and problems of data acquisition and
reduction are described by Gottlieb (1970) and Sjogren et al. (1976).

There are three methods for computing LOS gravity of given
mass configurations: (1) direct dynamic modelling of a gravity
anomaly with a complex orbit determination program (Michael
and Blackshear 1972), (2) dynamic estimation of the acceleration
vectors and a subsequent static gravity modelling of the vectors
(Bowin etal. 1975), and (3) a quasi-dynamic modelling with a
simplified orbit simulation program. Method 3 and a comparison
of all three methods are described by Phillips et al. (1978). Methods
| and 2 require large computational times, while method 3. the
one used in this paper, is comparatively fast.

The first Doppler gravity profiles of the moon received revealed
large positive gravity anomalies associated with most circular mar-

ia (Muller and Sjogren 1968). These gravity maxima were ex-
plained by mass concentrations (mascons) soon after their discov-
ery. Several models have been developed to describe the mascon
anomalies. Most are based on mass excesses, but there are also
some mass configurations which are in isostatic equiiibrium.

The purpose of this paper is

(1) to compare old models of mass surpluses with each other
and to develop a new model,

(2) to present an isostatic model,

(3) to develop a complete crustal model extending from the
Apennines area over Mare Serenitatis to Mare Crisium, based
on LOS gravity data from orbits of different heights.

Gravity Data and Boundary Conditions

The observational data for model fitting are low and high altitude
LOS gravity data from the Apollo 15 Command and Service Mo-
dules (CSM), revolutions 5 and 15. The spacecraft altitudes are
about 12-20 km for revolution 5 and 100-110 km for revolution
15. Gravity data for two different altitude levels permit a refined
model fitting of possible model configurations. The profile location
is shown in Fig. 1.

In addition to the LOS gravity data, there are several boundary
conditions which influence the model parameterization
— topography of the mare basins,

— mean crustal thickness,

— density-depth distribution,

— thickness of mare basalts,

— initial depth of the impact basins.

These conditions will now be discussed in detail.

The gravity effects of the mare basin topography have a large
influence on quantitative mass modelling. The basins of Serenitatis
and Crisium contribute —89 mgal and — 140 mgal to the measured
gravity for revolution 5 in the central areas. This increases the
gravity anomaly which has to be fitted by 40%-70% (Fig. 2).
Several older published models ignore these topographic effects.

The mean altitude levels of the surroundings of the Serenitatis
and Crisium areas and of the basins themselves have been deter-
mined from modern Lunar Topographic Orthophotomaps (LTO,
Schimerman 1973). The values of the altitude levels are given
as distance from the center of mass of the moon:

surroundings: 1,736.0 km,
Crisium basin: 1,733.7 km,
Serenitatis basin: 1,734.35 km.
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Fig. 1. Profile location, Apollo 15 Command and Service Modules (CSM), Rev. 5 and 15. Spacecraft altitudes: Rev. 5. 12-20 km; Rev. 15:100-110 km
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The zero level of all elevation and depth scales in the figures
is related to a mean lunar radius of 1,738 km.

A mean crustal thickness of 60 km has been assumed for the
nearside of the moon. This value has been derived from seismic
investigations (Toksoz et al. 1974).

The mean density-depth distribution of the crust and upper
mantle is based upon petrologic models, seismic models, and rocks
returned to Earth (Cooper et al. 1974; Solomon 1974). Following
these investigations a density of 2.7 g/cm?® has been assumed for
the upper crust with density increasing to 3.0 g/em? for the lower
crust. A value of 3.3 g/cm? has been adopted for the mare basalts.
A decrease of the mean density to 2.4 g/cm® has been assumed
for the uppermost layers to a depth of 3-4 km presumed due
to the loosening by impacts in agreement with measurements
of Talwani et al. (1973) on returned samples. According to Solo-
mon (1974), the upper mantle density should be rather high and
is assumed here to be 3.5 g/em®. A boundary condition for the
thickness of the mare basalts has been adopted from investigations
by De Hon and Waskom (1976). They found a maximum thickness
of 1-2 km in the shelf areas of the mare basins from rim height
estimations for impact craters partially buried by mare basalts.
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A further confirmation of this result is given by Andre et al.
(1979) from orbital X-ray data. According to Hoérz (1978) the
mare basalt thicknesses found by De Hon and Waskom (1976)
should be reduced by a factor of 2. Thus the maximum thickness
of the mare basalts should be much less than 10km. A maximum
value of 7 km is used in this paper.

Each mascon model proposed must be in accordance with
a reasonable model history, which depends on the initial depth
of the impact basin. Estimations of this depth differ over a very
large range: Head et al. (1975) estimate for Imbrium a value of
8-27 km, while Dence (1977) assumes, for the same basin, 160 km.
Thus this boundary condition cannot provide much constraint
in model construction.

Values of the boundary conditions are summarized in Table 1.

Non-Isostatic Mascon Models

In this section some basic non-isostatic mascon model solutions
from the literature are presented and a further development of
these models is described for the mascons of Mare Crisium and



Table 1

Topography 2.3 km Crisium
(mare basin depth) 1.65 km Serenitatis
Mean crustal thickness 60 km
Density-depth distribution 2.4 g/em? uppermost crust
2.7 g/cm? upper crust
2.9-3.0 g/cm? lower crust
3.3 g/em? mare basalts
3.5 gjem? upper mantle
Thickness of mare basalts <1-2km shelf areas
<7 km central areas

Initial depth d of the
impact basins

10 km < d< 160 km

Mare Serenitatis. A similar investigation has been presented by
Sjogren and Smith (1976) for the Orientale basin.

All models have been fitted to the gravity maxima of both
Crisium and Serenitatis in order to take into account the long
distance effects of gravity. As a first step, the mass models have
been fitted to the high altitude orbit Apollo 15 CSM, revolution
15. Different model solutions for Crisium are given in Fig. 3.

Nearly all models (except the ““mixed crust model” of Fig. 3d)
originate from a medium depth of the initial impact basin of
several tens of kilometers.

Figure 3a represents the near surface solution (Conel and Hol-
strom 1968). The mare basalt thickness of 26.5 km is considerable
and not compatible with the boundary condition of thin mare
basalts.

The mantle plug solution of Wise and Yates (1970) is presented
in Fig. 3b. It is assumed in this model that the mare basalts
have no excess density or are negligibly thin. Relative large vertical
movements of the crust-mantle boundary are necessary in order
to explain a mantle plug of 40 km. Two processes could be respon-
sible for a Moho rise: (1) rebound immediately after the impact
and (2) later isostatic adjustment.

Figure 3¢ shows the two-body mare basalts and mantle plug
model previously suggested by Bowin et al. (1975). In order to
observe the boundary condition of 7 km mare basalt thickness,
a mantle plug of 25 km is required.

In Fig. 3d a mixed crust consisting of crustal and intruded
mantle material is introduced in addition to a thin mare basalt
layer. Intrusions of mantle material into the crust underlying the
basin are favoured (1) by the hydrostatic pressure deficit of the
basin and (2) by the disturbed crust consisting of fallback breccia
in the upper part and a ruptured zone in the lower part, down
to the mantle and, perhaps, reaching into the upper mantle. A
relative density increase with regard to the undisturbed crust, of
from 0.2 at the uppermost crust to 0.4 g/cm® at the Moho, is
introduced for the crust-mantle mix. This two-body model requires
an initial basin depth of only a few kilometers, in agreement
with the estimation of Head et al. (1975) due to its thin mare
basalt layer of 3.5 km.

All previous model types are combined in the three-body model
suggested last (Fig. 3e): (1) a mare basalt thickness of 6 km, in
agreement with the boundary condition of a thin mare basalt
layer, (2) a mixed crust with a density increase of 0.2 g/cm?, and
(3) a moderately sized mantle plug of 12 km. Based on this model,
an example of a complete model for Serenitatis and Crisium, to-
gether with measured and computed gravity anomalies, is pre-
sented in Fig. 4.
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Fig. 3a—e. Basic gravity model solutions of Crisium (all calculated models
include a mass model of Serenitatis), Apollo 15 CSM, Rev. 15. a Mare
basalts (Conel and Holstrom 1968); b mantle plug (Wise and Yates
1970) ; ¢ mare basalts and mantle plug (Bowin etal. 1975); d mare basalts
and mixed crust (consisting of crustal and mantle material) ; e mare basalts,
mixed crust, and mantle plug. (a, b: one-body models; ¢, d: two-body
models; e: three-body model)

T

An Isostatic Model Solution

Non-isostatic mascon models cause considerable stress differences
in the crust and mantle (Figs. 9 and 10). That is, the mass surpluses
should have sunk into the mantle since their formation about
3x10° years ago, if the viscosity of the upper mantle is low.
This may be the case for some high temperature models which
have near-solidus temperatures at a depth of 200 km (Kuckes
1974 ; Sonettand Duba 1975). Isostatic modesl circumvent this prob-
lem provided that the depth of compensation lies far enough above
the zone of near-solidus temperatures. Thus, the schematic solution
pursued here aimed to find a minimum level of compansation.
Isostatic mascon models have already been proposed in
earlier papers (Hulme 1972; Kunze 1974). They require that

jg(z)Ap(z)dz where A4p(z)=Ilateral density contrast, g(z)=
0

gravity, and z=depth, vanishes at the depth of isostatic compen-
sation z,. In order to account for the positive gravity anomaly
of the mascons, the following restrictions on Ap(z) are im-
posed: there must be compensating (1) surplus masses near to
the surface producing larger gravity anomalies than observed, (2)
there must be compensating mass deficits at depth, whose negative
gravity anomalies at the altitude of observation are small compared
to the positive anomaly due to the distance effect. The mass deficit
due to the topographic depression of the mare surface leads to a
further increase of the necessary mass surplus and depth of the
mass deficit, respectively.

Kunze (1974) proposed a partial melt of the upper mantle
below the basins due to pressure relief after basin excavation.
Some melts rise up into the basins leaving a residuum of lower
density which represents the compensating deficit mass. The depth
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. . LOS accelerations
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gravitational sinking due to basin loading with heavy mare basalts. 80 {80
Thus, light crustal material is bent down into the higher density 4o /\ {40
mantle causing a compensating body of negative density difference. O N—= 0
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basalts has been suspended. The mass surpluses of the mare basalts  b) -ZW / 2
are compensated by an underlying body with negative density L AV~ Ry
contrast to the surroundings of —0.5 g/cm? ) fkml
Every attempt failed to achieve isostatic compensation above 23 2L 5 | 33 0
the depth of the crust-mantle boundary. The final model led to ¢ w ;; o 35 ig
a rather extreme solution with a mare basalt thickness of 60 km 60l forem ] 5
with an underlying zone of decreased density down to a depth 8ol {80
of 116 km. ool 3° 30 jm
The following model history is proposed (compare Fig. 5): 120 120
An initial basin depth of 100 to 150 km is assumed, consistent depthkm] depthkm]
with the estimation of Dence (1977). About half the basin was
filled with brecciated crustal and mantle material immediately “mare basalts"
after basin excavation, partly by fallback and partly by basin g) Scale ¥
collapse. The remaining basin was subsequently flooded by mare f’%krn
basalts. Before basin flooding the density of the brecciated zone initially brecciated k"’\
was 2.5 g/cm® or less (Talwani et al. 1973; Cooper et al. 1974). crustal and mantle
Intrusions of mantle material and later the pressure of the excess material
masses of the superimposed mare basalts caused a density increase
in this zone, up to 3.0 g/em?®, i.e., the density difference between Fig. 5a-d. Isostatic model solution for Crisium, Apollo 15 CSM, Rev.

these compensation masses and the undisturbed upper mantle is
—0.5 g/cm?
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Fig. 6. Calculated gravity of the three-body model of Fig. 3¢ for Crisium and Serenitatis relating to the orbit of Apollo 15 CSM, Rev. 5;
no additional fit to gravity of Rev. 5 (tabulated =measured, calculated =model LOS accelerations)

The isostatic model proposed here is very similar to the isostatic
solution of Hulme (1972), however, the model histories are partly
different.

Model Calculations for the Low Altitude Orbit
and Model Discrimination

A strong restriction on the model solutions is given by the bound-
ary condition of thin mare basalts, which rules out the pure basalt
model (Fig. 3a) and the isostatic model (Fig. 5).

The model fits described above for revolution 15 have shown
that many mass configurations satisfy the measured gravity data.
This reflects the ambiguity of the gravity inverse problem. In
order to achieve a further discrimination of different model solu-
tions and to select a type for a final complete profile, the LOS
gravity of all models presented above has also been computed
for the low altitude orbit of Apollo 15 CSM, revolution 5. An
example of these calculations is given in Fig. 6. The differences
between computed and measured gravity maxima of Crisium and
Serenitatis are listed in Table 2.

The model calculations show that the large gravity minima
bordering the maria Imbrium, Serenitatis, and Crisium are only
partly caused by negative boundary effects of the mascons (Figs. 4
and 6). This problem will be treated in the next section, in connec-
tion with a final model solution.

Table 2 shows that model fitting at two different altitudes does
not constrain model discrimination significantly. There are still
enough free parameters (density differences, height of mantle plug,
horizontal extent of mass anomalies) which can be varied in order
to fit the gravity anomalies in both orbital altitudes (Compare
also differences of measured and calculated gravity of Fig. 6).
Thus, the most stringent boundary condition is the upper limit
for mare basalt thicknesses of 7 km. As mentioned above, the

Table 2. Apollo 15 CSM, Rev. 5. Differences between measured and
model gravity maxima, mass distributions of Fig. 3, no additional fit
to gravity of Rev. 5

Model type Serenitatis Crisium
(max. =227 mgal) (max. =197 mgal)
Fig. 3
(a) Mare basalts 38 15
(b) Mantle plug 37 26
(c) Mare basalts + 7 50

mantle plug

(d) Mare basalts +
mixed crust

(e) Mare basalts + -5 44
mantle plug+
mixed crust

Isostatic model (only - 1
fit for Crisium, Fig. 5)

-39 45

consideration of the topographic basin also greatly influences the
model structure because it considerably increases the gravity
anomalies which have to be fitted (Fig. 2).

The isostatic model calculated for Crisium only can be excluded
because of the extreme mare basalt thickness of 60 km, although
it provides an excellent fit to the low altitude gravity data (Table 2).

Considering now the non-isostatic models, both one-body
models can be excluded. In one case the mare basalt model
(Fig. 3a) with a basalt thickness of 26.5 km is in contradiction
to the boundary condition of a thin mare basalt layer. In the
other case the mantle plug model (Fig. 3b) is in contradiction
to the observed existence of high density basalts with a thickness
of at least two kilometers. Another objection to this model is
the requirement of an extremely high mantle plug of 40 km, i.e.,

61



a)

c)

2/ of crustal thickness. Both two-body models (Figs.

the three-body model (Fig. 3¢) agree with the boundary condition

of thin mare basalt thicknesses.

The two-body model, combining a mixed crust and mare ba-
salts (Fig. 3d), differs only slightly from the three-body model.
The lower part of the mixed crust with a density difference of
0.4 g/cm? can also be interpreted as a mantle plug with minor

crustal constituents. Thus, a discrimination between
models is no longer necessary.

A discrimination between the two-body mare basalt/mantle
plug model and the three-body model will now be suggested in
relation to basin evolution processes. The mantle plug of 25 km
in the two-body model seems to be rather large, but it cannot
be excluded in view of rebound processes. The introduction of
a zone of crust-mantle mix seems to be reasonable considering

the following two processes during basin evolution.

case of an initial cavity deeper than crustal thickness (Dence 1977)
a material mixing results in a crust-mantle mix below the basin,
(2) during the mare basalt period, mantle material has intruded

into the fractured region below the basins and finally

into the basins; these mantle intrusions result in a density increase
below the basins. The introduction of a zone of a crust-mantle
mix leads, consequently, to a decrease of the mantle plug, compar-

ing the two-body and the three-body models (Fig. 3c,

Summarizing the arguments above leads to the conclusion that

the three-body model agrees best with the boundary

and the processes of basin building and mascon evolution. This

model solution will be developed to a complex model
section.

3¢, d) and A Complete Crustal Model from Southern Imbrium

Over Serenitatis to Crisium

The main problems for a complete model fit of the measured
gravity data extending from southern Imbrium over Serenitatis
to Crisium are the large regional minima bordering the mascon
anomalies (Figs. 4 and 6). They are caused partly by negative
boundary effects from the mascons. Ferrari et al. (1978) proposed
a crustal thickening between Imbrium and Serenitatis due to re-
bound processes after the impacts. This model is confirmed by
a terrestrial experimental high-explosive crater (Snowball Crater,
Roddy 1976, Fig.15). The idea of crustal thickening has been
adopted here. It has been modelled by several discs with a negative
density contrast of —0.5 g/cm® The maximum thickening necessary
is 20 km. In order to include the negative boundary effects of Im-
brium on the western shores of Serenitatis, this mascon had also
to be considered in the model configuration. The entire model
was fitted to both the high and low altitude orbits (Figs. 7 and 8).

The final crustal model presented here gives a solution satisfy-
ing the gravity data of high and low altitude profiles for a rather
large area with an extent of 3,000 km, i.e., long distance effects
of the mascons of Imbrium, Serenitatis and Crisium and of the
crustal thickenings are considered. The introduction of a mixed
crust has the advantage of avoiding extremely thick mare basalts
and large mantle plugs.

these two

(1) in the

flowed out

e).

conditions
Conclusions
in the next  Considering the problem of isostasy of the complex model pre-

sented here, the central mascon area with its high positive lithostat-
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ic stresses of 150-180 bar (Fig. 9) should have a tendency to crustal
sinking (mass surpluses are associated in this paper with positive
lithostatic stresses, mass deficits with negative stresses).

Compensation of the mass deficits of the 20 km crustal thicken-
ings should result in a surrounding mountain range with an eleva-
tion of 4.2 km. From the elevation profiles of Figs. 7 and 8, there
is no indication, in the areas of crustal thickening, of such large
mountain ranges; i.e., the mass deficits are more or less uncompen-
sated. Assuming a density difference of —0.5 g/cm? leads to nega-
tive lithostatic stresses of —161 bars with an uplift tendency. This
is the same order of magnitude as the positive stresses of the
central mascon areas. Thus the contact zones of the areas of
crustal sinking and uplift should be favoured for progressive tec-
tonic failure zones.

These conclusions are in accordance with two morphologic
structures: (1) the basin edges are favoured for the origin of the
youngest lava flows (Boyce 1976); (2) the tendency to crustal
sinking in the mascon area combined with the tendency to crustal
uplift in the bordering zones results in an extensional stress field
in the bordering zones, which may be the cause for the surrounding
rilles of many maria (Fig. 7). Extensional stresses for the bordering
zones of Serenitatis have been calculated by Solomon and Head
(1979) based on a one-body mare basalt model. The crustal thick-
enings proposed in the model of this paper lead to a strengthening
of the surrounding extensional stress field.

In the following the question of stability of non-isostatic mas-
con models is discussed.

Age determinations of mare basalts showed that the main

phases of basin filling are terminated at about 3 x 10° years B.P.,
although many younger flows exist, up to 2.5x10° years B.P.
(Boyce and Johnson 1978; Boyce 1976). This means that the lunar
crust/mantle system must have been able to sustain lithostatic
stresses of 160 to 180 bars (Fig. 9) for 3 x 10° years.

The lithostatic stresses acting on the mantle can be used (1)
to estimate the upper mantle viscosity # and (2) to calculate the
maximum shear stresses applied to the upper mantle.

(1) Considering the lunar mantle as a half space with the
rheologic properties of a Maxwell body, the elastic and viscous
parts can be decoupled for long loading times (Cathles 1975,
pp. 59-60). Assuming a cylindrical load, the vertical elastic dis-
placement u and the vertical viscous displacement velocity v for
the center of the load are given by Nadai (1963), pp. 241-246):

(I1-0)Pa
u=-—-"-
k
4z Fa _Fadt
Tarm 2 "7
where

P =load (lithostatic stress, Fig. 9)

a =radius of the load

o =Poisson ratio

k =modulus of shear

Az=vertical displacement of the load
At =loading time
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Fig. 9. Lithostatic stresses P, of Serenitatis and Crisium (relating to

mass distributions of Figs. 5 and 7). (Pz=§ Y. Ap;Az;; g=mean ac-
i=1

celeration, n=number of layers with density 4p; and thickness Azi)

A Poisson ratio of 0.25 is adopted from Nakamura et al. (1976).
A shear modulus k of 7.7 x 10*! dyne/cm? is found using k=p V2,
with an upper mantle density p of 3.5 g/cm® used in this paper
and an upper mantle shear wave velocity ¥V of 4.7 km/s (Naka-
mura et al. 1976).

The vertical displacement 4z of the load results from elevation
statistics of Runcorn (1974), who found a systematically lower
level of 1 to 1.5 km of the circular maria relative to the irregular
maria which are older and do not have excess masses.

All parameters used in displacement and viscosity calculations
are summarized in Table 3.

The elastic displacement u is about 35 m for Crisium and Seren-
itatis. This value may be neglected in relation to 1 km of total
sinking. An effective upper mantle viscosity of 1027 poise as-
sumed constant for the whole time period of 3 x 10° years, is ob-
tained. This value is in agreement with investigations of Arkani-
Hamed (1973) for postmare viscosity and Meissner (1975).

In reality there should be a gradual increase of viscosity with
time due to cooling; however the sparse data included in the
estimations in this investigation do not justify evaluation of more
detailed viscosity models.

(2) Maximum shear stresses (7,,,,) applied to the upper mantle
half space can be calculated from lithostatic stresses of Crisium
and Serenitatis with the assumption of cylindrical loading (Fig. 9;
Nadai 1963, p. 245):

Tmax= /)P, (=14 20 —2(1 +0)z(a®+22)~ V2 +3z3(a?42%)~ 32
z=depth

The resulting maximum shear stresses in the upper mantle are
shown in Fig. 10.

These results have an important bearing on the lunar thermal
history. The high average effective upper mantle viscosity of 102’
poise and the shear stresses of 65 bar at a depth of 200 km are
not compatible with some temperature models (Kuckes 1974; Son-
nett and Duba 1975) which are not more than about 200° K
below the solidus at this depth. Considering a mantle solidus
ofabout 1,600° K (T,,) at a depth of 200 km (Hodges and Kushiro
1974) a mantle temperature of 1,300°K (7) yields a relation
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Table 3

Load P, Crisium 186.5 bar
Serenitatis 155.7 bar

Radius ¢ Crisium 182 km
Serenitatis 243 km

Poisson ratio 0.25

Shear

modulus K 7.7x 10! dyne/cm?

3% 10° years
1 km

Loading time 41t

Vertical displacement 4z
of the load

maximum shear stress

@10 20 30 40 50 60 70far

L nonisostatic model
60+

100

Serenitatis

T T T

Serenitatis
53.6 bar

210 km
155.7 bar

Crisium

F maximum
200, shear stress 64.3

| depth 173
r Pz 186.5

300: Poisson ratio 8= 0.25

4001
L

500/

lkn)
depth

Fig. 10. Maximum shear stresses below Serenitatis and Crisium (relating
to mass distributions of Fig. 7)

T/T,,=0.8. A conversion of T/T,, into viscosity, according to the
method of Meissner and Lange (1977), gives a value of less than
10%° poise which is unreasonably low.

Turcotte (1979) developed a stress relaxation temperature 7,
depending on an olivine deformation law:

B 6.16 x 10*
° In(2.62x10° 621t,)

(oo=initial stress in bars, t,=relaxation time in s, 7, in °K).

Assuming for the lunar case ¢,=100 bar and ¢,=10° years
gives in T,=900° K. This result shows that high temperature mod-
els are not compatible with significant mascon stresses. Recent
calculations of upper mantle temperatures by Keihm and Langseth
(1977), which vary from 300° K to 600° K below the solidus at
a depth of 200 km, are more appropriate to a high upper mantle
viscosity and the existence of significant shear stresses. Considering
the estimation of the stress relaxation temperature above, the cool-
er values should be preferred.

The discussion above did not consider the effect of the absence
of volatiles, especially water, in lunar materials. Laboratory inves-
tigations by Mitzutanni et al. (1977) and theoretical calculations
by Kirby (1977) and Meissner (in press 1980), in the case of



‘he Earth, show an increase of strength with decreasing water
content of the materials. Since it seems impossible to extrapolate
from terrestrial conditions to the moon, a repetition of these exper-
imental and theoretical investigations under lunar conditions,
sspecially under totally dry conditions, is necessary.
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