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The lunar gravity fìeld can be satísfactorily explained by relatively-small wavelength, density anomalies located
near the lunar surface. The exceptions to this are the second degree harmonics and we postulate a dual origin for
these terms; they are partly a consequence of the same near-surface anomalies as the remainder of the gravity field
and partly a measure ofa fossil bulge. This latter contribution represents an equilibrium condition preserved from a
time when the synchronously rotating Moon was approximately 25 Earth-radü from the Earth. If this shape was
acquired at some time soon alter 4 .0 ' 109 years ago, then the rate of dissipation of tidal energy in the Earth has
been much lower in the past then it is now. The implications of this on the evolution of the Earth-Moon system are
briefly discussed.

l. Introduction

A hypothesis sometimes discussed in the lunar
science literature, and which apparently was fìrst
investigated in detail by Jeffreys in 1915, is that the
present shape and mass distdbution of the Moon
represent an equilibrium state at a time when it was
closer to the Earth than it is nowt when both the
Earth's tidal force and the lunar spin were greater
than present values. These studies have generally indi
cated that the present shape corresponds to an equi-
librium form for a synchronously rotating Moon at
2O-3O Earth-radii from the Earth (Jeffreys, 1915,
1937;Kopal,1969). These studies were based on the
moments of inertia of the Moon, derived from the
libration constants, and suffered from an inadequate
data set as well as from the fact that the solutions
were not self-consistent. A similar calculation can be
made using the second-degree lunar potential coeffi-
cients, provided that it can be demonstrated that they
are sufficiently different from the other higher degree
coeffìcients so as to mgrit a special interpretation.

Two considerations lead us to at least consider the
possibility that there is something unusual about the
second-degree harmonics of the lunar gravity fìeld.
Firstly, the visual inspection (Fig. l) fo the non-
dimensional spectrum of the lunar gravitational poten-
tial

v?( q= (e?* +57*\ , (1)

where C7* aîd S¡p are the fully normalized poten--. ,'
tial coefficients, indicates that the povùer at degree
/ = 2 exceeds that for hiSrer I by a magnitude o¡ ;
more. Secondly, the decay, of.the spectrum is þener- .
ally cÒmpatible with density,anomalies in the upper
part of the lunar mantle or. crust except. fcir I = 2, and,
no distribution of small-wavelength density anomalies
of a random magnitude distribution can explain the
spectrum (Fig. 1), We therefore argue that part of the
second degree harmonics in the potenlial has the
same origin as the higher degree harrnonics of the
fìeld while the difference between the observed
power and this "predicted" power may be associated
with a fossil bulge.



and it is this part that is "abnormal" and merits a
special interpretation.

The equilibrium form of the Moon, rotating syn-
chronously such that at all times its mean motion n
equals its spin velocity 0 about its center of mass, and
acted upon by the Earth's gravitational attraction, is
given in terms of the potential coeffìcients (e.g.
Kopal, 1969) as:
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Fig. l. The average of the powìr spectra of the lunar gravita-
tional potential according to Ferrari (1977) and Ananda
(L977) (a), and the spectrum resulting from a near-surface
distribution of small wavelength density anomalies (b).

2. The anomalous bulge

The gravitational spectrum illust¡ated in Fig. l, is
based on a smoothed average of two recent solutions
ofthe lunar gravity by Ananda (1977) and Ferrari
(1917) and is discussed further by Lambeck and
Pullan (1980). For the Earth the comparable spec-
trum decays approximately by:

V? (Aq=(2 t+  t )  l o -10 / -4

and this can be attributed to density anomalies distri-
buted randomly in depth as well as laterally and with
dimensions small compared with 2nRll, R being the
planetary radius (Lamb eck, 197 6). The lunar spec-
trum decays more slowly than this rule and is indica-
tive of a near-surface origin for the density anomalies.
The exception to this is the / = 2 spectral estimate,
and no simple distribution of randomly distributed
density anomalies can explain the entire spectrum. If
the random density model is fìtted to the spectral
estimates fot lÞ 3 and extrapolated back to I = 2,we
obtain a "predicted" estimate of the power in the
I = 2harmonics if these harmonics had the same
origin as the I Þ 3 harmonics. The difference between
the observed fi(Aq (defìned by eq. 1, and referred
to the present hydrostatic equilibrium fìgure) and the
predicted value is:

v?(e ò = [v?(L(Ð] 
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wherc A, B, C are tlne principal moments of inertia
with C ).8 ) A, M is the mass of the Earth, ¡ø the
mass of the Moon, ø is the mean Earth-Moon dis-
tance, and A is a factor to correct for any departure
from_the homogeneous density distribution. The Czo
ard C22 are fully normalized. For realistic lunar
models in which the Radau approximation is valid,
A, - 2.48, compared with 2.50 for a homogeneous
model. From the hydrostatic theory (eq. 3) we may
derive:
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Equating eq. 2 with eq. 4 gives:

a - 2 5 R t  ( s )

where RB denotes the radius of the Earth.
Jeffreys (1915) obtained 23 Rsby comparing the

then available libration constant É with the hydro-
static theory. But he was unsatisfìed with this result
because the observed value for/ defined by:

f = (C - B)lQ - A) = (ezo + e22l\/ÐKe2o - errN3)

(6)

which is independent of the Earth-Moon distance,
was not in agreement with thaf predicted by the
hydrostatic theory. What we argue here is that part of
the observed e2s and e22have the same origin as
the remainder of the gravity field perturbations, and- 6.8 .  lo-e (2)



that only the difference e¡¡ma! have a special signif-
icance - that it reflects the equilibrium shape of the
Moon at some time in the past.

Goldreich and Toomre (1969) discussed a similar
fossil bulge problem for the Earth, namely whether or
not the non-hydrostatic part of the C2s term is signif-
icantly larger than other terms in the potential
expansion. They computed the ratio /, defined by
eq. 6, for some 2000 randomly generated models of a
nearly spherical body upon which surface mass anom-
alies were superimposed in a random manner. They
concluded that, for the Earth, the observed value of

f - 0.41 is what can be expected for such models.
They also noted that for the Moon,/- 0.65, again
not unpredictable. Thus, for the Moon, like the
Earth, the non-hydrostatic part of C2s is not excep-
tionally large when compared wittr e 22. However,
whereas for the Earth there is no a priori reason why
C22 should be relatively large, there is a good reason
why it should be so for the Moon in view of the
hydrostatic equilibrium conditions given by eq. 3.
For the Moon the question is, are both C22 and e 2s
sufficiently large (relative to the other potential
coeffìcients) to merit a special interpretation? We
argue that it is. The Goldreich and Toomre (1969)
argument is not applicable ín this case.

Runcorn (1914,1977) objects to the fossil bulge
hypothesis and prefers to explain the large second-
degree coefficients in the lunar potential as a con-
sequence of thermal convection. The seismically
determined thick lithosphere and the presence of
deep focus moonquakes implies that if convection
occurs it will only occur at depths below -800 km or
more. However, Runcorn assumes that only the outer
200 km is capable of supporting stress-differences of
the order of 50 bar for long periods and that convec-
tion must therefore be mantlewide. Why the convection
pattern should exhibit a stable second-degree har-
monic configuration is obscure, but possibly this con-
dition is not essential since the contribution of any
higher harmonics to surface gravity is much reduced
due to the attenuation of the potential with distance
from the anomalous density source. Runcorn's objec-
tions to the fossil bulge are threefold. One is the dis-
crepancy between the observed and hydrostatic
values for the ratio /defined by eq. 6. We do not con-
sider this a serious objection since we attribute only
part of the second-degree harmonics to the fossil
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bulge. Another objection is that the geometrical and
dynamical shapes of the Moon do not bear the rela-
tion expected from the fossil bulge model. Again we
do not consider this important since we consider the
second-degree harmonics in both the topography and
gravity to be a consequence of two different contri-
butions. The reduced potential (eq,.2) implies a
power of the topography V?(h) (defrned similarly to
eq .  1 )  i s :

[v?(aØ],"au""a

- 2.3 . 10-8

compared with an observed power which is three times
larger than this. p- is the mean density of the planet
and p" the density ofthe topography. The difference

fvï(h)l oa"u,u"d - tv?(h)lreduced = 4.6 . I 0-8

is of the same magnitude as the power in ha¡monics
I = 3 or 4 and higher and will be the consequence of
the same random events forming the lunar topogra-
phy described by these higher degrees. A third objec-
tion by Runcorn is that lunar materials will creep
when subjected for long time periods to the stresses
associated with the fossil bulge. This is a more serious
objection for, in equating the observed excess bulge
with some past equilibrium shape, we have implied
that the Moon has sufficiently-high fìnite strength for
it to support nonlydrostatic stresses over 3 . 10e y or
longer (see below).

Recently, Anderson (1978) has developed the
fossil bulge argument further by comparing the ellip-
ticities of surfaces fitted separately to the lunar maria
and highlands. He concludes that the latter are
smaller and argues that the Moon was captured near
the time of the mare volcanism, when it was closer to
the Earth than at the time of the highland formation.
The limited topographic data available does not per-
mit such conclusions to be drawn, but in any case we
would argue that this result is probably fortuitous in
that part of the equipotential bulge will be tidal in
origin and part will be a consequence of the small-
wavelengh anomalies. This latter part exceeds the
difference in ellipticities found by Anderson (1978).

ï4@)1,"¿,.a=[; û9]'
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3. Stress considerations

The stress-differences required to support the neat-
surface density anomalies implied by the gravity fìeld
have been computed by Lambeck and Pullan (1980)
and average values do not appear to exceed more than
a few tens ofbars. These calculations have been
carried out for several lunar models and Fig. 2 illus-
trates results for two of them. Model M2 comprises a
1000 km thick lithosphere overlying a considerably
weaker lower mantle. The outer layer includes the
very high Q zone (Nakamura et al. 1976;, Goins et al.
1978) and the region of somewhat greater, but still
high attenuation in which the S-wave velocity gradi-
ent is negative. It extends down to the greatest depth
at which moonquakes have been recorded. The litho-
sphere in model M2A is only 500 km thick and a 100
km transition layer separates it from the much
weaker lower region. The stress-differeîces rtmin
the planet for the individual harmonics of degree /
and order mhave been summed according to the
expression:

"(r)= {ÐD ,?^(r)}'''
m

rather than by computing the stresses fbr each har-
monic as a function of latitude and longitude, and
only then summing over degree and order to find the
maximum differences. Thus r(r) is a measure of the
average stress-difference rather than of a maximum
value. The stress calculation summarized n F ig. 2,
includes the contribution from the anomalous part of
the bulge and from the higher-degree harmonics.

If we consider only that part of the bulge that has
the same anomalous density source as the remainder
of the field, then the maximum values of the com-
puted stress-differences are not changed significantly
but, for models with thick lithospheres such as M2,
the stress-differences deeper in the planet are
decreased. Whether or not these stresses can be sup-
ported by the finite strength of the lunar materials
depends on the temperature and creep rates in the
lunar interior. Neither the selenotherm nor the
appropriate flow mechanism can be obsewed directly,
but we have previousþ argued (Lambeck and Pullan,
I 980) that the stress-differences associated with the
higher-wavelength harmonics in gravity imply lower
temperatures than suggested by Duba eI al. (1976)

4O0 l00O tóoo
Radius (km)

Fig. 2. Stress-differences in the Moon, according to the
models M2 and M2A, associated with the lunar gravity anom-
alies. The dashed lines represent the results if the anomalous
part ofthe bulge is excluded from the gravity anomalies.

and at most near the lower limit proposed by Keihm
and Langseth (1977) at 300 km depth. Hence creep
rates may be quite low, in particular if Post's (1977)
experimental results for dry dunite are appropriate to
the lunar interior. Ifnot, it is diffìcult to reconcile
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Fig. 3. Stráin rates for the tempetature profile of Lambeck
and Pullan (1980) and stresses associated with the gravity
field, for the two lunar models discussed in the text. The
dashed lines are for the strain rates when the anomalous
bulge is excluded.



this with the observation that the shorte¡ wavelength
anomalies associated with features such as the circular
maria, have persisted for as long as they have, without
invoking some sort of dynamic support.

Once stress-differences, flow laws and a sele-
notherm have been adopted, strain rates can be com-
puted and compared with the maximum observed
strain-rates. Figure 3 gives results for models M2 and
M2A, the rheology of Post (1977) and the seleno-
therm proposed by Lambeck and Pullan (1980).
The exclusion of the "fossil" part of the bulge from
these calculations reduces the strain-rates by at most
one order of magnitude (Fig. 3) and this is less than
some of the other uncertainties introduced by the
flow laws and selenotherm.It does not appear war-
ranted to make any distinction between the nature of
support of the two contributions to the bulge; of the
density anomalies associated with harmonics of
degree greater than two, if those that contribute to the
mascons are supported by a finite strength, then the
excess bulge can also be supported in the same way.

4. Implications for the evolution of the Earth-Moon
system

The last major tectonic activity on the Moon
occurred about 3 .2 ' l0n y BP (before present) with
the conclusion of a period of extensive eruption of
mare basalts. Prior to this the lunar surface had been
subjected to intense bombardment which reached
a climax at about 3.9 . lOe y BP (e.g. Wasserburg et
al. 1977). The last three aeons have been times of
relative quiescence. The mare formation is probably
oflesser significance in so far as contributing to the
global shape of bulge since (a) the mare basalts com-
prise less than one percent of the total mass of Moon,
and (b) their formation were local rather than global
events and occurred over a time span of nearly lOe
years. However, the flooding may be indicative of
the time when the Moon acquired its final shape.
The basalt flooding was presumably triggered by
the large impacts at about 4.0 . 10e y BP and the activ-
ity was greatest immediately after this time. Sub-
sequent flooding became increasingly less important
as the zones of weakness, generated by the impacts,
gradually healed and the upper mantle cooled by
conduction. By about 3.2 ' l}e y BP the crust and

33

outer mantle formed an effective barrier to further
intensive volcanism. Thus from the results of eq. 5,
one may draw the tentative conclusion that the
Moon was at25 Rs from the Earth at some time
between -4.0 -3.2 .l}e y BP, with a distinct preference
for the earlier date since the large gravity anomalies
over the circular mare are indicative that the lunar
mantle could support significant non-hydrostatic
stresses soon after the end of the bombardment.

The rate of change of the semi-major axis of the
lunar orbit for a frequency independent p is given
app roximately (e .g. Je ffrey s, 1 97 O ; Lamb e ck, 197 7 )
by the expression:

,i = A(kzlQ)ø-rr/2

where:

A - 3Gm Rs llG(M + *)f ' ' '

and k2 and Q are the tidal effective Love number and
specific dissipation function of the Earth. If e is the
lag angle between the tidal potential and the Earth's
delayed response, Q-r - sin e . Integrating eq. 7 from
the present 7, where a - 60 Rs, to some time (7) in
the past gives:

[(o)r]"'' = f(o)roft''' + (1312)(krl8)A(T - Tù .

For [(ø)7] -25 REatTs= -3.9 ' 10e years, the aver-
age measure of the ticlal response is:

k2l8- o.oro
or, lor  k2-  0.30,  Q-r  -  0 .O3,and e -  1.9o.  I fwe
assume that the Moon acquired its present shape
some 3.2 ' 10e years a1o, e - 23o .

Because tidal evolution of the semi-major axís is
inversely proportional to (a)rr/2, the time required for
the orbit to evolve from a very close-Earth approach
to 25 RB is short (less than 0.1 aeons). Thus even
with the constraint provided by the fossil bulge hypo-
thesis, a close encounter of the Moon with the Earth
some 3-4 ' 10'y BP ago cannot be avoided unless the
equivalent lag angles have been variable with time,
and the value some 4 aeons ago was less than the aver-
age for the subsequent time interval. The impact of
bodies larger than those that formed Imbrium or
Orientale, prior to 4.0 . 10e y BP ago, presumably had a
much more important effect on the early evolution of
the lunar orbit than did tidal dissipation.

(7)
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The equivaient phase lags for the past 3000 years,
based on ancient ecüpse records and on mode¡n tele-
scope observations, is about 5-6" (Lambe ck,1977;
1980), while the average value over the last 4'108 y,
based on the fossil coral and bivalve record, appears
to have been about 4" (Lambeck,1918;1980). As
most of the dissípation of tidal energy now occurs
in the oceans, the variaiion in the lag angles can be
readily attributed to changes in the ocean conftgu-
ration and to changes in ocean volume. A comparison
of the three esiimaies of lag angies averaged over
differeni time intervals suggests in fact an increase
in the dissipation with time. A number of factors
may contribute to this. The free oscillation periods
of the ocean are given very approximately by

2Llt/cD where .L is the typical horizonrai length scale
ofthe ocean and D the deprh. For L - 4OOO km and
D - 3km, the resonance period would be about l3
hours - close to the period of the forcing lunction of
the present principal semi-diurnal lunar tide. If sea
level was lowered, or if the continents were gtouped

together, the resonance period would lie further away
from the forcing funcfion period. ln both cases, dissi-
pation wouid be reduced. Thus periods of rapid sea-
floor spreading such that the displaced waters invaded
the continents, as occurted globally during the Creta'
ceous, may have coincided with periods of reduced
dissipation, even though the extent of shallow seas
was greater than it is now. That exrensive shallow seas
do not necessarily impiy high dissipation rates
appears to be supported by the tidal calculations of

Sünderman and Brosche (1978) for the Permian. If
the loss of tidal energy occurs by friction on the sea

floor, shallow seas alone are not enough to increase

dissipation; deep ocean tides are also required in
order to force the water over the shallow sea floor.

Periods during which the continents were distri-

buted with less longitudinal variability than now, as

may have occurred during the Cambrian and Ordovi'

cian and again laler , when the Tethys Sea formed a

large equatorial ocean, may have been associated with

less dissipation than at present. Likewise, a grouping

ofcontinents along an equatorial belt during the Late

Proterozoic (e.g. Piper, 1978) can also reduce dissipa-

tion.
These general argurnents suffice to illustrate that

some temporal variability in the equivalent lag angles

will most likely have occurred during the last 3 aeons

and that the present rate of dissipation may be quite
atypical. If, at the same time, there has been a gradual
evolution of the exrent of the ocean basins, it is
quite possible that the value for the lag angle some
three billion years ago was actually less than the aver-
age value. At present it is not very difficult to accom-
modate a situation in which close approach never
occurred at all.
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