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Preface and Dedication

This volume was written to honour two outstanding scientists who have been
responsible for the development of Earth Sciences at the Australian
National University. John Con¡ad Jaeger became the foundation Professor
of Geophysics in Jânuary 7952, and established the Departmenr of Geo-
physics. Under his guidance, the Department expanded greatly and
achieved a wide degree of international recognition in a remarkably short
time, firstly in several fields of geophysics, and subsequently, in areas of
geochemistry. Following Jaeger's retirement in December, L972, the
decision was reached to separate the Department from its parental Research
School of Physical Sciences and establish a new, autonomous, and more
broadly based Research School of Earth Sciences. Anton Hales was the first
Director of the new School. Under his leadership, existing research activities
were strengthened and new ¡esearch groups established in geophysical fluid
dynamics, economic geology and global geodynamics.

Jaeger and Hales were scientists of great distinction and breadth prior to
joining the A.N.U. Despite their administrative responsibilities, their
continuing ability to produce good science was an inspiration to their
younger colleagues. These men possessed other qualities to a rare degree-
deep concern and interest in the problems, both scientific and personal, of all
their staft, creative leadership, unselfishness and also a degree of courage
that enabled them to take difficult decisions, both within and outside the
School, where necessary. It was this combination of human qualities and
professional distinction that won the affection, loyalty and respect of all their
colleagues, subordinates and students.

- 'The 
book has been written exclusively by present and past members of the

Faculty of the Research School of Earth Sciences and associates. The topics
V



vi Preface and dedication

cover aspects of the major research interests of the Research School in a way
that enables them to be placed together in a volume about the Earth. Indeed
in many respects the contents of this volume reflects the view of the Earth as
seen from the A.N.U. and represents an'overview of the developments
planned and pursued by Jaeger and Hales. Starting from the beginning it is
appropriate to discuss the origin òt the Earth and its composition as seen
from a geochemical standpoint. A chapter on the rotation of the Earth is
followed by aspects relating to the core through to the crust in sequence. The
various chapters demonstrate the successful merging of geophysics and
geochemistry that has been one of the hallmarks of the Research School.

As Faculty members under Jaeger and Hales the authors are proud to
present this volume in their honour. Writing about the science that has been
carried out under their leadership is undoubtedly the sincerest compliment
that can be paid to them. As editor I could not have asked for a more
pleasant or easier task.

M. W. McElhinny Canberra, fune 1978.
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The History of the Eartlr's
Rotation

KURT LAMBECK

Abstract

Observational evidence for the secular acceleration of the Earth's spin and lunar
motion throughout the geological past is reviewed. The Earth's average acceleration
for the past 500 x 10u years appears to be of the order 5 x 10-22 s-t, only marginally
lower than the present rate. There is no strong evidence for any non-tidal secular
acceleration and this presents a limit on GIG of about 2-3 x 10-t'. Consequences
and implications of the tidal evolution of the lunar motion are reviewd. The obser-
vational data do not place stringent constraints on theories of lunar evolution. Polar
wander throughout the past does not appear to have been significant, despite the
prediction by Goldreich and Toomre's model that polar wander should exceed the
average rate of plate motions. This does not imply a high viscosity for the lower
mantle but is a consequence of an absence of any isostatic compensation of the plates
in their model.

1. Introduct¡on
The discussion of the Earth's rotation is conveniently separated into three
aspects: polar motion, changes in the length of day and precession and
nutation. Polar motion is the movement of the axis of rotation with respect
to the Earth's crust. Variations in the speed of rotation about this instan-
taneous axis cause changes in the length of day. Precession is the motion of
the rotation axis with respect to inertial space; an oscillation of the rotation
axis about the pole of the ecliptic with a period of some 26 000 years.
Superimposed on this are the much shorter-period nutations. We are
concerned here with the first two components of the motion, and in
particular in the variations over very long time periods. The polar motion
over geological time is usually referred to as polar wander while the main
long-term behaviour of the length of day is characterized by a secular
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60 K. Lambeck

deceleration. Studies of these phenomena have a twofold interest. First, one
would like to know what causes them. what geophysical phenomena cause
the pole to wander and the Earth to slow down; what geophysically useful
properties can be deduced from a knowledge of thesè chänges. Second, both
polar wander and the secular deceleration have consequences on, amongst
other subjects, paleomagnetism, paleoclimatology, paleobiology and on the
dynamical evolution of the Moon's orbit throughout geological time. only
some of these aspects can be touched upon in this review.

2. Length of Day

2.1.  The Tidal  Dissipat ion Problem
Telescope observations and ancient records of solar eclipses indicate that
the Earth has been slowing down aL arate of about 5 x 10-22 rad s-1, or that
the length of the day has been increasing at arate of about 1.5 ms per century
(Muller, r976). These observations also indicate that the Moon's mean
motion is changing secularly, that the Moon is moving away from the Earth
at a tate of about 4-5 cm y-t. Paleontological evidence suggests that these
accelerations have persisted for at least the last 500 million years. The
reason for the secular evolution of the Earth's spin and the Moon's
acceleration in its orbit lies in the tidal torques exerted by the Moon on the
Earth and vice versa. The subject has been recently reviewed by Lambeck
(1'977). see also the volume edited by Brosche and sündermann (197g).
when the motion is extrapolated into the geological past, the consequence
of the tidal accelerations is to bring the Moon closer to the Earth along a
well-deflned path and any theory of the lunar formation and subsequent
evolution must comply with these orbital constraints. The Earth's spin was
also faster in the past than it is now, due mainly to the tidal torques, but part
may be due to a changing mass distribution inside the Earth. Hence
observations of the rotation throughout the geological past may also provide
some constraints on the evolution of the Earth.

The Moon's gravitational attraction raises a tide on the non-rigid Earth
thÊt can be approximated to a high degree of accuracy by an ellipsoidal
tulge. Due to imperfections in elasticity, the Earth's response is not
immediate and in the time, ar, it takes for it to respond, the planet will have
rotated through an angle a L,t, where o is the speed of rotation. Likewise,
the Moon will be di'splaced in longitude by an angle n6 ar where nq is the
mean motion of the Moon. As 12 >) ¿q, the tidal bulge will not be aligned
with the Earth-Moon axis and the Moon's attraction on this bulee results
in the tidal torque,

f r: I,px 
grad (J d,u, (1 )
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where U is the potential of the lunar attraction and the integral is over the
volume u of the Earth whose density at x is p(x). Integrated over one period
of the Moon's motion, this integral does not vanish if  there is a lag in the
response. The equal but opposite torque, created by the potential, AU, of
this bulge on the Moon is

pxgrad ùU du,

where the integral is over the Moon's volume. The torque (1) leads to a
modification of the Earth's spin, since

Lt :  H :4  Gq:  CA,  (3)'  
d ¡ '

where ,FI is the angular momentum of the Earth's spin and C is its polar
moment of inertia. The torque (2) adds to the Moon's orbital momentum an
amount equal to that lost by the Earth, or

L t  
d l  M m <  

' l
:  H<:  * l f f ia< 

( I - "ä) " "  ,o) ,  (4)

where M is the mass of the Earth, mq the mass of the Moon, ø< the
semimajor axis of the lunar orbit and e( its eccentricity. The mean motion nq
relates to ¿( by Kepler's law:

G(M + ma.) :  n3oi , ,

where G is the gravitational constant. The component of ¡ú parallel to the
Earthls spin is Ëft cos i. Conservation of angular momentum requires that
H + H(cos i : 0. (We ignore the small contribution from the Moon's spin
and assume that G, C, M, rn( remain constant). Then

v

(2)

(s)

ar : (6)

establishes a relation between the change in the Earth's spin and changes in
the lunar orbit due to the tidal torques. The contributions to Or due to éa
and diq/dr are small and the dominant part comes from É< or aq. Once É< is
observed, these smaller contributions can be readily estimated (Lambeck,
L977) and the total lunar tidal acceleration (Ot)< can be deduced from (6).
The solar tides must also be considered for, while do will be very small, the
torque by the Sun on the solar tide is significant. As É6 is too small to be
observable, even when integrated over millions of years, (Aòo can be
estimated only by considering a specific model for the solar tide. At present,
(Ot). <(Aì<. Any difference between O": (Ar)<+ (O")o and the observed
acceleration determined the non-tidal acceleration ONr.

i #h*|"e", 0 -,3)'/'"o. ;u],
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The. rotational energy associated with the Earth's spin

Er : |CAz

and the energy associated with the orbital motion is

- GMmt/Za<.

This includes the potential and kinetic energies. The total rate of energy
dissipations due to the tidal interaction is

#:T.Y: cna,-!m<n<a3nq
- (J.86Or- 9.58 n6) L0ao erg s-t. (7)

The rate of energy dissipation can therefore be deduced from the tidal
accelerations without requiring a knowledge of the energy sink. The tidal
force grad AU entering into the torque (2) accelerates the Moon. Of interest
here are the changes in aq, eq, i( due to this force. For the former we can
write, approximately,

a . :  Aa - " / ' , (8)

where

o - -  3G*uRt krr ,^ 1 -  -n k,  r

LG(M + *u)l' ' '  Q 
- 7'8x totz 

fi 
cmt'/t s-t'

k2 is the Love number of the Earth and Q-t is the specific dissipation. Both
k2and Q are tidal effective parameters, including the combined solid Earth
and ocean response. Integrating (8) from the present time Ts to some time T
into the past gives

(oul r ) " / ' :  (o<l ro)" / ' * \  A(T -  To) .  (g)

The effective lag angle of the Earth is some ,lU" ,ru-beck, lg77)or O - 10.
If this has remained constant, the Moon would have been within 10 Earth
rgdii about 1.3 x 10e years ago. From (6), the length of day then would have

-been about 6.7 h.If the averagelagthroughout geological time has been one
half of the above value, close approach would have occurred some 2.6x 10e
years ago.

If the Moon is initially in an eccentric orbit, the transfer of angular
momentum and energy is greater at perigee than at apogee. Thus, the
satellite is accelerated more in the former position than in the latter and the
eccentricity increases with time; the luna¡ orbit spirals outwards from the
Earth in an increasingly eccentric orbit until other forces dominate. The

IS
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third element of interest is the inclination of the lunar orbit. In an inclined
orbit the displacement of the tidal bulge due to the delay Ar is a function of
the position of the Moon according to OAr cos,þ, where @ is the latitude.
This displacement occurs in a plane approximately parallel to the equator.
At the maximum latitude attained by the Moon, ó: i<, the displacement is
less than at the equator and the torque is a minimum. The torque is a
maximum when the Moon is over the equator. Integrating over one orbital
period gives a non-zero average torque in a plane normal to the intersection
of the orbit and equator, with a component directed towards the point of
maximum orbital elevation. This torque tends to bring together the angular
momentum vector and the rotation axis and the inclination of the orbit
evolves slowly with time. At distances beyond about 20 Earth radii the orbit
will move towards the ecliptic. Thus the inclination on the ecliptic in the past
was greater than the present 5o. For bodies much closer to the Earth,
a<<15-20 Earth radii, the orbital plane moves towards the equator. (See
Fig. 1 and Goldreich, 1966, for a more complete discussion.)
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Fig. 1. Inclination of the Moon's orbit to the equator as calculated by Goldreich. The two
branches of the curve delimit the oscillation in inclination due to precession. Note that for
a6< 10R6 the inclination is significantly non-zero. The dashed curve represents Rubincam's
result of the change in inclination if the Moon is perturbed out of the equator by 3o when at

3.8 RE. An effective viscosity of L0r8 poise is adopted (see Section 2.4).

Recent studies of the integration of the equations of motion for the Moon
back into time have been made by Goldreich (1966) and by Gerstenkorn
(1967,1969). These and other investigations all agree in that (i) there has
been a minimum Earth-Moon distance at some time in the past, (ii) the
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inclination of the lunar o¡bit was substantially greater in the past than it is
now, and (iii) the eccentricity of the lunar orbit increases as the distance
increases. In these integrations the tides raised by the Earth on the Moon
and by the Sun on the Earth must also be'considered as must the mutual
attractions of the Earth, Sun and Moon. Important in these integrations are
the assumptions made about the delay in the tidal response, for dissipation
occurs mainly in the oceans (Lambeck, 1.975, L977) and there is no
assurance that this has remained constant throughout geological time. Thus
the time scale of the past motion cannot be uniquely established once the lag
in response is permitted to vary with time.

In the calculations by Gerstenkorn (1969) the minimum Earth-Moon
distance was close to, or within the Roche limit of about 2.8 Earth radii. At
this point the self attraction of the satellite is exceeded by the tidal attraction
of the planet; the satellite becomes gravitationally unstable and breaks up.
Even if disintegration does not occur, the tides will be so large that extensive
melting of the crust and of the Moon will occur. The geological
consequences of this close approach---or Gerstenkorn event-are severe
indeed and, if it occurred in the last 4 x 10e years, it should be firmly
imprinted on the geological record of both the Moon and Earth.

2.2.  Observat ional  Evidence
Table L summarizes the accelerations as determined from telescope obser-
vations and eclipse data based on the work of Stephenson (lg7z), Muller
(197 5, r97 6) and Muller and Stephenson (1975). Numerous esrimates for nq
and A have been made in recent years with considerable fluctuations in
results (see Lambeck, 1977, for a review) but there is now a general
consensus that these recent values are reliable. The eclipse records establish

Table 1. Accelerations of the Earth and Moon from the eclipse records, representing
average conditions over the last 3000 years, and from the coral and bivalve growth

rhythms, representing average conditions over the ldst 300x 106 years.

a
(10 - t ' r - z ;Data

O"t
( ru  - -  s  - )

nq
(1  0-z :  r -2 ,

Eclipse records and telescope observations
(Muller, I97 6 ; Lambeck, 797 7 \

Coral and bivalve data
(Lambeck, 1978)

-  5 . 5  *  0 . 5  1 . 6  *  0 . 6

-  5 . 3  r  0 . 6  1 . 0  r  0 . 6

-  1 .35  +
0 . 1 0

- I . 2 r0 .2

-  1 .0  *  0 .2
Coral and bivalve data with ONr: 0

(Lambeck ,  1978 )  -5 .2 *0 .5  0
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average accelerations for only the last 3000 years. Of potentially much

greater importance for the orbital evolution studies are the fossil records of

growth cycles in certain invertebrates, mainly corals and bivalves. These

growth rhythms have been interpreted in terms of astronomical cycles (see

ih" pup"t. in Rosenberg and Runcorn, 197 5) and appear to provide

information on: ( i) ¡¿r:the number of solar days per year, ( i i )  Nr:the

number of solar days per synodic month and (iii) N¡ : the number of synodic

months per year. Observations of changes of these quantities with time

enable the accelerations fl and ñ< to be estimated. Any results must be

considered, however, with caution. The evidence for the interpretations is

largely circumstantial rather than based on an unCerstanding of the

environmental factors controlling the formation of the growth lines, and

there is little assurance that the environmental factors have remained

constant through time. It is not even certain whether the solar day and

synodic month are the appropriate units visible in the growth patterns.

Scrurton (1978) has reviewed the present state of the art of the periodic

growth features in fossi l  organisms. Scrutton (1978) and Lambeck (19784)

have independently reviewed the published data and came to similar results

as to which values are more acceptable than others. Lambeck (1978a, b)

estimated the accelerations from these data (see Table l) using the following

relations:
N 1 : [ 2 ( t ) - n o ] l n ø ,

¡/t  :  [ f2(¡) - n6]l  lnq(t) - t t" l ,

Nr: [¡r<(¡) - no)lno,

where ie6 is the mean motion of the Sun and is assumed to be constant with

time. Values for Nr, Nz and Ns at different epochs permit 12(r) and na(t), or

O and n<, to be determined. The coral and bivalve data give quite compar-

able results, perhaps permitting one to have some confidence in the results

unless all the published results are influenced by a priori assumptions on

what the accelerations should be.
The acceleration fZlr¡ is the total acceleration of the Earth and may

consist of two parts: (i) a tidal part Qa$), which follows from (6) once ri< is

determined, and (ii) a non-tidal part O¡a(/) due to other forces acting on the
F.arth or to changes in the inertia tenso¡. Allowing for the solar tides as well,
the present relation between ú< and l2a is (Lambeck 1977)

A t :5L .4  n ( (10)

and is unlikely to have changed very significantly over the last 5 x L08 years,

so that

l 2 N r :  A - 5 L ' 4 n < '



66 K. Lambeck

Fossil remains of corals and bivalves do not occur much beyond the
Ordovician and only some L0 per cent of the Earth's age is represented.
Stromatolites are the only hope for extending the fossil record further back
but, after the initial optimism by Pannella (1972), the more ôareful ap-
praisals of the data by Pannella (1976) and Scrutton (1978) are cautious.

Both the coral and bivalve data indicate that the average accelerations for
the last 400 x L06 years have been somewhat less than the present values.
These data are also compatible with there not having been any significant
non-tidal secular acceleration of the Earth. Perhaps the best solution is to
combine the coral and bivalve data with the assumption ((6) or (10)) that
angular momentum is conserved. This gives the accelerations in the last line
of Table 1. The associated precision estimates are only as good as the validity
of the underlying assumptions made about the growth rhythms.

2.3.  Consequences and lmpl icat ions

Comparing the present rate of dissipation with that computed from the
paleontological data indicates that present values exceed the average values
since the Ordovician by a factor of about 1.4. Such a change can be readily
attributed to changes in the ocean configuration and to changes in ocean
volume. Brosche and Sündermann (1977) have attempted to model the
ocean tide in the Permian and find a reduction in dissipation, compared with
the present rate, by a factor of two or three. A simple argument concerning
the periods of the free oscillations of the oceans also suggests a reduction in
the rate of dissipation. The free oscillation period is very approximately
2L/'/ gh, where I is the typical horizontal length scale of the ocean basin, g is
gravity and h is the depth. In the Pangea configuration, L would have been
greater than now and hence the periods longer and further away from the
period of the forcing function. There is evidence of widespread shallow seas
having occurred at some epochs in the geological past and it has been
suggested that the tidal dissipation may have been much greater than it is
now. This need not be so, for now the free oscillation periods will increase
and the tidal amplitudes decrease. Variation in sea level due to changes in
the extent of glaciations may also lead to changes in the rate of dissipation.-While 

little is still known about the manner in which the energy is dissipated
(see Wunsch,I975; Schott, 1,977) it is inopportune to speculate further.

Assuming that the average values of the accelerations found since the
Ordovician are representative of all times for which there were oceans,
leads, with (9), to a close approach of the Moon some 2 billion years ago,
compared with 1.3 billion years ago based on the present value. Another
interpretation may be that dissipation has increased slowly with time due to
a gradual evolution of the ocean basins so that at the Ordovician, dissipation
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was only about half of the average value. With this approximation, close
approach occurred some 3.8 billion years ago. This is somewhat more
satisfactory and illustrates that it will not be very difficult to accommodate
the situation in which close approach never occurred at all.

In the absence of reliable fossil records, any further extrapolation back-
wards into time can only be tested against less direct observations. The
stromatolite records are indicative of tidal activity at least as long ago as
3.0-3.3 billion years and do not require the excessively high tides that would
characterize a close approach (Pannella, L976). Sedimentological evidence
is also suggestive of lunar tides as far back as 3.3 billion years ago (Brunn and
Hobday, 1976; Klein, 7972).

The catastrophic consequences of the close approach, as already
indicated, should be present in the geologies of the Earth and Moon. The
early part of the geological record is, however, uncertain and subject to
much controversy and perhaps the only two points upon which there is
general agreement are (i) close approach has not occurred during the last
2x!0e years and (ii) speculation on its possible occurrence prior to about
4xI}e years is futile as the geological record is entirely absent for the first
0.5-0.8 x 10e years of the Earth's lifetime. Extensive studies of Precambrian
rock ages indicate groupings of radiometric ages at several epochs, around
approximately 3.8-3.5,2.8-2.5 and 1.9-1.6 bi l l ion years ago. Other events
occurred later in the Precambrian. These ages are indicative of major stages
in the crustal evolution, during which various mantle isotopes were homo-
genized. Several attempts have been made to relate one or another of these
epochs to the Gerstenkorn event. Cloud (1968), for example, suggested a
date around 3.8 billion years ago, while Turcotte et al. (L977) suggested
2.85*,0.25 billion years ago. There is no compelling case for associating
either one of these dates, or any other epoch of major upheavals in the
crustal evolution, with close approach of the Moon. Turcotte et al.'s date is
based on one stromatolite point obtained by Pannella from the Bulawayan
formation. They see no reason to have less confidence in this result than in
the other stromatolite results, even though Pannella (I976) considers that
only his value for the later Gunflint stromatolite may be significant. Even
this value is not in agreement with Mohr's (197 5) results for the same
formation (see Lambeck,I978a). Turcotte et a/. stress that the date of 2.85
billion years ago coincides with (i) the end of the mobile period of Archean
tectonics and the beginning of crustal thickening and stable continent
formation, and (ii) the end of the mare volcanism on the Moon. They
propose that significant tidal interactions between the Earth and Moon
occurred over an extended period between about 3.8-2.8 billion years ago,
and that the tidal energy dissipated in both the Earth and in the Moon was
responsible for the Archean and mare volcanism. The obvious problem with

t,t:

li: ¡



68 K. Lambeck

this argument is how to store the Moon close to the Earth for such a long
period; all the extrapolation calculations show that once the Moon is within
about 10 Earth radii the orbital evolution-is extremely rapid. Recourse to
vague resonances has to be made (see also Alfvén and Arrhenius, 1969), but
Kaula and Harris (1973, L975) did not find any stable configurations that
could maintain the Moon close to the Earth.

The relatively quiescent nature of the evolution of the lunar surface
during the last three aeons is good evidence that close approach must have
occurred earlier than 3.0 billion years ago, if it occurred at all. The flooding
of the basins between 3.9 and 3.1 billion years ago could have been initiated
by internal heating of the Moon during a rapid close approach stage, but this
explanation is not without its own difficulties. In particular, the large-scale
relief of the lunar highlands has been preserved and the crystallization ages of
many rocks are much older than this: melting could not have been Moon-
wide.

One observation that may place an important constraint on the evolution
of the orbit is the non-hydrostatic shape of the Moon. If the Moon were in an
equilibrium configuration, its shape could be determined from the self-
attraction and its spin and orbital motions. If this shape differs from its
observed position then it can be argued that the observed shape represents
the equilibrium condition at some time in the past when the Moon was closer
to the Earth. Jeffreys (1915, L937) attempted such calculations. Assuming
that the Moon is essentially a homogeneous body and that, in its initial
equilibrium state, it was already rotating with an angular velocity equal to
the mean motion about the Earth, the theoretical coefficients in the lunar
gravity field describing the dynamical ellipticities of the visible lunar face
and of the lunar equator, are

and

Equating these theoretical values with the observed values (Ferrari, rg77),
C?o:  -2 .046x 10-a and C?z:0.2L7 x 10-0,  and so lv ing for  d(  g ives
a<:25 Re. This suggests that the Moon attained its present shape when it
was about 20-30Re from the Earth. However, the ratio c22'f c2s is
independent of aq arrd, if this interpretation is valid, then

Ci,
Cio

C?,
CT

a
J

1 0
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But the observed ratio gives 0.10. This discrepancy may be a consequence of
the fact that the Moon is not homogeneous, but Jeffrey's (1915) calculations
using a Wiechert model do not give very different results. One other reason
may be that the Moon's spin was.not yet locked to the Earth at the time it
atlained its equilibrium state; but in this case I:,_- Izz:0 and the expected
çlr/c?o ratio would be zero. An easy way out of this would be to assume, as
has sometimes been done for the Earth, that the lunar c?o and c? terms
have different origins; that the former is due to the earlier rotation but that
Czzis a consequence of other density anomalies within the satellite. Further
study of this problem may be worthwhile. To provide a useful result, the time
at which the equilibrium shape was attained is required. The most plausible
date would be soon after the termination of the period of intense surface
bombardment, or about 3.9 bi l l ion years ago. Another l imit is that i t
occurred prior to the final stages of the flooding of the basins, or before 3.0
billion years ago, since the large gravity anomalies over many of the mare are
indicative that the lunar mantle can support non-hydrostatic stresses over
long periods. Lambeck and Pullan (L979) discuss rhis problem further.

In conclusion, there is no compelling geological evidence to suggest that
the Gerstenkorn event occurred during the last 4.0 billion years. Most likely
the Moon was already well outside the Roche limit at this time.

2.4.  Constra ints on Theor ies of  Lunar Evolut ion
In the absence of any clear landmarks to fix the lunar orbit in the geologically
distant past, a variety of conjectures have been proposed to explain the
origin and evolution of the Moon. Traditionally these hypothesis fall into
four main categories: (i) capture of the Moon by the Earth, (ii) fission of the
Moon from the Earth, (iii) simultaneous but separate formation of the Earth
and Moon in an orbit about each other, and (iv) coagulation or accretion of
numerous small moons in orbit around the Earth. Various combinations of
these hypotheses have also been proposed. Kaula (Lg7L),Kaula and Harris
(1'975), and Smith (1'976)review the currently more acceptable postulates.
Once the two bodies are formed in more or less their present forms, the tidal
evolution of the Moon's orbit must be such that at some point it falls into the
evolutionary scheme sketched out above. The number of proposed or
implied connection points is great and the available observational data do
not provide stringent controls, particularly while the time scale remains
uncertain. Formation times for the Moon earlier or later than that for the
Earth, a formation close to the Earth, in the asteroid belt, near venus, inside
the orbit of Mercury or in the Earth-Sun Lagrangian point, have all been
proposed. In the absence of more stringent dynamical controls, the choice
depends mainly on the various authors' interpretation of the chemical and



petrological evidence. One dynamical.constraint is stringent, and that is the
observation that the Moon's orbit could not have lain in the equatorial plane
when close to the Earth unless some mechanisms wrenched it out of this
plane. If the Moon had formed on the equatorial plane close to the Earth, its
subsequent motion-due to the attractions of the Earth's bulge and of the
Sun on the Moon-would have been such to keep it in the equator since the
Earth's bulge dominates the attraction. Later, when the Sun's attraction
dominates over the Earth's flattening, the Moon would have been kept in the
ecliptic. Instead, the orbit plane is now inclined at some 5" to the ecliptic.
Kaula (L97L) has suggested that the removal of a primordial atmospñere
would have caused the plane to be tilted to the equator. Some have
suggested that an infall of planetesimals during the final stages of accretion
tipped the Earth's rotation axis. Yet other authors have argued that any
non-uniformity of tidal dissipation may significantly modify the orbital
evolution and that the scenarios such as Fig. 1 will be invalid in such a case
(e.g. Munk, 1968; Alfvén and Arrhenius, 1969). However, any enhanced
localized dissipation can only modify the time scale; it cannot modify the
relations di / da and de / da (Lambeck, Lg7 7). one possible way of modifying
the inclination is by postulating past situations in which the relativà
importance of the tide components is different from what it is at present. For
example, the main contributors to di/dr come from the Mz, Kr and or
frequencies, with the first two bringing the Moon into the equator and the
last moving the Moon out of the equator with time. situations may have
existed in the past where the free oscillation periods of some of the oceans
resonated with the Or tide but not with the others. Such a situation is
unlikely today since K1 and O1 have quite similar frequencies, but this has
not always been so in the past, when nq wâs of the same magnitude as o. A
solution like this is, however, unsatisfactory, as it is unlikely to have been
more than a transient phenomena without any long-term consequence on
the lunar orbit. Possibly a more satisfactory explanation is the one by
Rubincam (1975) who, following o'Keefe (1972) and G. H. Darwin,
considers the evolution of the lunar orbit under the assumption that dis-
sipation occurs in the mantle by linear viscous damping. In such a model, the
taFgent of the lag angle is proportional to the frequency of the tide
component and to the viscosity. For viscosities greater than about 1,016
poise, the lag angles go to 90'when the tidal frequencies are significantly
non-zero and the amplitude of the tidal bulge becomes vanishingly small.
when n(.:2a the Mz and Kr frequencies are non-zero, but the or
frequency is close to zeÍo, and this tide may dominate the evolution.
Persuing Darwin's hypothesis, Rubincam finds that if there is an initial
perturbation of some 3'in the inclination of the lunar orbit on the equator at
the time that a-)nq-¿t 3.8 Earth radii from the Earth-the present 5o
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inclination to the ecliptic can be explained, provided that the Earth's
viscosity at that time exceeded 1018 poise. In this model, the evolution of the
orbit is quite different from that proposed by Gerstenkorn and Goldreich
(Fig. 1) and stresses the rheology dependence of the evolution once the
Moon approaches the Earth.

2.5.  Non-t idal  Accelerat ion

If we accept the paleoacceleration solution for the combined coral and
bivalve data (Table L), we obtain

l ) N r :  ( 1 . 0 * 0 . 5 )  1 0 - 2 2  s - 2 ( 1  1 )

which is hardly significant. Thus it is not very useful to speculate on processes
that may lead to an acceleration of the Ea¡th, except in that this result does
exclude some of the more dramatic ones. Dicke (1966) proposed that a
secular change in the gravitational constant will lead to a secular accelera-
tion oNr. Allowing for gravitational compression of the Earth, a change in G
results in an acceleration of (Dicke, 1969)

.  A I A : - 1 . 8 G / G

and, with the above result for O¡¡a,

C ¡ G :  - ( 2 . 4 +  1 . 2 )  1 0 - 1 1  y - t .

From an analysis of the ancient eclipse data, and comparison of atomic and
ephemeris t ime scales, Muller (1976) obtains Gl G : - (5 + 3)10-11 y-1.
Dicke (1969) has also proposed that oNr may be a consequence of the
isostatic post-glacial rebound. A third proposal, by Yukutake (L972), is that
it is caused by core-mantle electromagnetic coupling. These last two
mechanisms are both irregular when viewed over geologic time and will not
contribute to the average O*a for the Iast 400 million years. Other proposals
involve a growth of the core, variations with time in the depth of the
principal mantle transition zones, o.r an expanding Earth. Without examin-
ing the validity of these mechanisms, the following rough estimates provide
estimates of the maximum permissible changes.

Core Growth
Consider a homogeneous mantle of radius R- and density pm, surrounding a
core of radius R" and density p". We assume that the core grows due to a
precipitation of heavier elements in the mantle. Thus both R" and p- will
vary with time. when mass is conserved, the rate of change of the inertia
tensor is

d C  8 o ,  , ^ + l ,  3 f R l - n i t  L  ì d R .
dr 

:Tw"_ pdK.\r  _,  
\ ¡ f_¡ l )æl u
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and

a :2 .8x 10-14 
g& 

.. d t  '

For O*t: !0-22 rad s-2,

dR"

ä -o '1  
cm Y-1 '

Migration of Transition Zones
A coolingEarth could result in an upward movement of the transition zone if
the phase transitions are exothermic. Consider only the 400 km dis-
continuity, then

gg- - ) sx1n3s9&99
d t " d r '

where Ra66 is the radius of the transition zone. Alternativelv.

flNr: 2'3 x L0-14q*' ( l t

and, with (LL),

+-0 .1cmy -1 .dt

Expanding Earth
If we can consider that the core is not subject to change, then the change in
the inertia tensor due to a uniform expansion of the mantle is

d C  8 r r  n t í .  3 ¡ R i , - R : \  1  ì d R -
dr 
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d ,

_and

f)Nr :  -  3 .9 x  10-1o 
gR* 

.
o t

In the simple model, an expanding Earth leads to a further deceleration. For
the observed value of O*t: 10-22 s-2.

dR-
# =  _ 0 . 1  c m  y - 1 .

d t
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The above rates are no more than very rough order-of-magnitude estimates.
First, the observational evidence for f2¡.ra is quite uncertain, it being the
small difference between two quantities that are only precise to about 10 per
cent. Second, any more realistic calculation will be complicated by the fact
that several mechanisms will contribute to the overall change in inertia
tensor, but in view.of the uncertainty in f]¡{a more detailed calculations are
probably premature. These results do, however, indicate that expansion of
the Earth at a rate of a few centimetres per year can be ruled out. This has
also been concluded from a recent examination of the paleomagnetic data
(McElhinny et al.,  1978).

3. Polar Wander

The concept of polar wander, the large-scale wandering of the Earth's axis of
rotation throughout geological time, goes back more than 100 years and has
its origin in observations of fossil plant and animal distributions and in the
scars, tillites and moraines of past glaciations. For example, the discovery
that a subtropical climate existed in Spitsbergen at a time when central and
southern Europe was subject to a tropical climate and when extensive
glaciations occurred in southern Africa, led to the conclusion that in the
western hemisphere the carboniferous equator must have lain far to the
north of the present equator. A further degree of f¡eedom to the inter-
pretation of the paleontological and paleoclimatic data was introduced by
Wegener and by F. B. Taylor with their concept of continental drift, in which
the continents are postulated to have moved relative to each other over large
distances throughout geologic time. Two important paleomagnetic obser-
vations-that large changes have occurred in the mean direction of the
geomagnetic field and that this field has periodically reversed itself-have
revived interest in the polar wander hypothesis. The separation of drift and
wander has, however, remained problematical, and this has plagued much of
the subsequent discussions. Presumably if drift occurs, so will the pole
wander; the rotation axis moving along with the principal axis of maximum
inertia as a redistribution of mass occurs. Drift and wander will have a
common expìanation yet the available data does not permit a clear separa-
tion of the two.

Kelvin, in 1863, apparently could see little objection to the polar wander
hypothesis; the formation of the world's major mountains being sufficient to
shift the Earth's axis by some tens of degrees. G. H. Darwin also concluded
that, if the Earth's rheology resembles that of a plastic body, polar wander
may well occur on an extensive scale, but that it would not exceed a few
degrees if the Earth's behaviour is essentially that of a rigid body. Gold
(1955) came to a similar conclusion; that large-scale polar wander ísì

È
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inevitable if the long-term rheology is anelastic. Munk and MacDonald
(1960) and Goldreich and Toomre (1969) further discuss the polar wander
model.

The problem is to determine the motion õf the rotaiion axis of a body that
evolves slowly with time. Goldreich and Toomre refer to such a body as a
"quasi-rigid" body and they illustrate it with an extension of Gold's beetle
model in which a colony of N beetles roam a rigid rotating sphere. The
solution of the equations of motion is such that the rotation axis, once it lies
close to the principal axis of either maximum or minimum inertia, continues
to follow this axis. As the beetles crawl slowly along random paths, the
positions of the inertia axis of the combined sphere and beetle population
evolve with time and the rotation axis follows it. This is for the motion
viewed from the sphere itself. In an absolute frame, it is the angular
momentum axis that remains fixed in space, and for the present purpose this
can be identified with the rotation axis. An important aspect of Goldreich
and Toomre's model is that they find that the speed of the motion of the
rotation axis exceeds the average speed of the beetles by a factor of Nr/z.
Thus, for large ÀI, even modest displacements on the sphere lead to
large-scale polar wandering

Not surprisingly, the actual Earth differs from this beetle colony in some
important ways. Most important is that the Earth possesses a rotational
bulge. If the Earth were in a truly hydrostatic equilibrium state, this will not
significantly modify the above model since the bulge will reorient itself
relative to the rotational axis, should the latter shift in position. Should the
bulge not adjust, any polar wander will be small indeed. A question raised by
Munk and others is, to what extent does the bulge follow this hydrostatic
equilibrium behaviour? The importance of this is .illustrated by Gold's
calculation in which he estimates that if South America is suddenly raised by
30 m the change in the inertia tensor is such as to change the pole position by
0.01". But if the rotational bulge follows the rotation axis, the total dis-
placement is some 10o.

The Earth's rotational bulge is described by a iecond-degree zonal
coefficient in the geopotential. The observed value of this term is Czo:
-A.847 x 10-a compared with -4.798 x 10-4 if the planer were in complete

hydrostatic equilibrium. The difference between fhese two estimates has
sometimes been thought to be sufficiently important, compared with other
non-hydrostatic terms in the geopotential, to warrant a special inter-
pretation. MacDonald (1963, 1965) and McKenzie (1966) concluded that
this difference was a consequence of a delay in the Earth's response to a
change in the speed of rotation. As the Earth slows down under the influence
of tidal forces, it takes time for the bulge to adjust to the new angular velocity
and the new equilibrium state. The observed bulge is then interpreted as a
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fossil bulge corresponding to the equilibrium state at some time earlier. The
relaxation of the oblateness involves a change in the overall mass dis-
tribution of the mantle and it should be controlled by the flow properties of
the mantle as a whole. McKenzie concludes that this fossil bulge hypothesis
leads to a lower m¿ntle viscosity of the order 1026 poise, compared with
values of 1021-1022 poise for the upper mantle deduced from post-glacial
uplift studies. Such high values in the lower mantle effectively confine
convection to the upper mantle and probably excludes large-scale polar
wander. The difference between the observed and equilibrium values of Czo
is  4 .3x10 -6  compared  w i th  Czz :2 .4x10 -6  and  Szz : -1 .4x10 -ó .  I n
other words,

LCzo/(Ctrz  + S|ùt / t :L6

and there is approximately 2.5 times more potential energy contained in the
non-hydrostatic bulge than there is in the coefficients Czz, Szz. Goldreich
and Toomre, however, have shown that neither this interpretation nor the
resulting conclusion are justified, and that the discrepancies in the bulge are
not anomalous but are a consequence of the choice of coordinate system
adopted (see also O'Connell, l97l).Thus, i f  we consider a new set of axes r ' ,
y ' ,  z 'such that z' is al igned with the equatorial axis of smallest moment of
inertia and the x' axis is aligned with the present pole, the anomalous
potential coefficient ACLo becomes

.  3 f  - ,  " t  1  "  J j  r  .  . f t / 2(A,cLo)" :llciz + sízl+¡LCío -ï orrolci, + sir) (rz)

The degrees variances

>^ (c?^ +s7-)
are invariant to a rotation of the axes, so that once A,CLo is determined from
(12), G':2 + Sr?) is also known and

^c io/ G :2 + s't?r)' /, : t.6,

a ratio equal to that obtained before, but now the ùCLo is associated with the
ellipticity of the equator while the CLz, SLz are associated with the ellipiticity
of the bulge: the non-hydrostatic bulge is no more anomalous than the
equatorial bulge and if a special explanation is to given to the one, it must
also be given to the other. But, as Goldreich and Toomre remark, no one has
yet proposed that the large negative geoid anomaly on the equator south of
India has anything to do with some past rotation about the corresponding
equatorial axis.

The main point of Goldreich and Toomre's study is to emphasize that, for
a quasi-rigid body, large-scale displacements of the pole can be readily



76 K. Lambeck

explained by small relative horizontal displacements of material in the
mantle. Second, they stress that the non-hydrostatic part of the rotational
bulge is not anomalously large and that it isnot necessary-to suppose that the
Earth's response to long-wavelength deformations is much different from its
response to shorter-wavelength deformations. The Earth can be considered
as a quasi-rigid body whose rotational bulge flows in conformity with the
changing position of the rotation axis. If mantle convection causes the inertia
axis to shift, so will the rotation axis wander; both drift and wander can be
expected to occur but the rate of wander may be much larger than the rate of
drift.

The history of the Earth's polar wander lies in part in the record of fossil
magnetization of rocks (see, for example, McElhinny, 1,973) and
paleomagnetic observations permit the position of the magnetic pole to be
estimated, if the field can be assumed to correspond to that of an axial
geocentric dipole. In general, virtual magnetic poles for a tectonically stable
region, with ages ranging over some millions of years, cluster clearly about a
mean pole suggesting that the time averaged field approximates a dipole
field. Archaeomagnetic observations give virtual pole positions that cluster
about the geographic pole indicating that the time average field is represen-
tative of an axial dipole field. Further back into time the general agreement
with magnetic pole positions and paleoclimatic determinations of the equa-
tor position also suggests that the field, on the average, is axial (Stehli, 1968;
Briden, 1968). Curie's principle of symmetry argues for this parallelism
(Stacey, L977).

Assuming that, on the average, the past field has remained that of an axial
dipole, the apparent pole path for a given continent indicates the relative
motion of that continent with respect to the rotation axis. Tectonic motions
of the continent or plate cannot be separated from any drift of this axis.
Marine magnetic anomalies, which permit the relative motion of the plates
to be determined throughout the Cainozoic and Mesozoic, also do not help
in separating the two without further assumptions, such as adopting a
reference frame fixed by hotspots (for example, Minister et al.1974) or by
minimizing the motions of the plate margins (Kaula, I97 5). To fix any one
pþte requires three parameters and, if there are N moving plates and a
ivandering pole, there wil l  be a total of (3N-1)+2 unknowns (i f  one
longitude is arbitrarily fixed) for any one geological epoch. As independent
observations we have the relative motions between the plates and the
position of the apparent pole relative to one plate, or a total of. 2 + 3(N - 1 ).
Thus the number of unknowns always exceeds the number of observations.
A unique solution is impossible. Polar wande¡ becomes an unnecessary
concept in paleomagnetism and in plate tectonics (Munk and MacDonald,
1960; McKenzie, t972; McElhinny, L973). McKenzie suggests, however,
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that the concept of polar wander may nevertheless be a useful one if the
motion of the pole relative to any one plate is very much faster than the
motion between the plates themselves. The linear velocity of the pole
relative to a plate A can be expressed by

e-I)z: RÇA,x 2)

where 612, describes the motion of the plate A relative to the geographic
axis î by an angular velocity vector in the geographic equator (see McKen-
zie, L972). The mean velocity of the N plates is

n'D r.

\ . t l

n : L

(nU,  -  u^) , ( 1 3 )

it may be useful to consider the u* as polar wander and the differences
,n, - n^ as drift. This procedure has been followed by McElhinny, after
weighing the velocities by the plate areas so as to reduce the influence of the
small fast-moving oceanic plates. He finds no evidence that large-scale
wander has occurred during the last 40 x 10ó years. Jurdy and Van der voo
(L97 5) have extended the analysis back to the Early cretaceous and
conclude that there is no compelling evidence for large-scale polar wander
during the last 110 x 10" years. Further back into time, the evidence for both
polar wander and plate motions becomes much less certain, in particular
since marine magnetic anomalies are not found further back in time than the
Mesozoic. with perhaps the exception of the ordovician (McElhinny and
Briden, r97t), the ensemble of the paleozoic data suggests that drift was
predominant and that wander alone cannot explain the apparent polar
wander.

The paleomagnetic evidence appears to be at variance with Goldreich and
Toomre's model, which predicts large-scale wandering for even a modest
drift. One reason could be that the lower mantle, after all, is too viscous to
permit the rotational bulge to adjust itself to changes in the position of the
rotation axis. But there is little evidence for this. Cathles's (1975) work on
the post-glacial rebound problem suggests that there is no need for a rapid
increase in viscosity with depth and that the sea level data may in fact
exclude such a model. This conclusion is confirmed by Peltier and Andrews
(1976). O'connell (L977) reviews the flow properties of mantle materials
and also believes that there is no compelling argument for adopting a high
viscosity for the lower mantle. An alternative and more acceptable explana-
tion is that, whereas the beetles on Goldreich and roomre's planet are
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uncompensated, the mass redistributions associated with the drift and
concomitant mantle flow will result in a much reduced modification of the
inertia tensor. In their model, gravity ano¡nalies will be-strongly correlated
with the positions of the beetles, but such a relation between gravity and
topography is not seen on the Earth. Also, convection within the mantle may
only have a minor impact on the inertia tensor since lateral seismic anomal-
ies for the mantle appear to be a magnitude larger than predicted from the
gravity field and equations of state; one way of reconciling the disparity is to
assume some form of compensation whereby positive density anomalies are
overlain by negative anomalies and vice versa (Lambeck, I976; Kaula,
1,977). Changes in the inertia tensor due to continental motions and mantle
convection will therefore be much smaller than implied in the Goldreich and
Toomre model. Polar wander will, in consequence, also be much less and the
approximate separation of drift and wander indicated by (13) is not useful.
Such a separation becomes feasible only by adopting some "absolute"
reference frame such as the hotspot hypothesis, by introducing paleoclimate
indicators or by modelling the changing mass distributions associated with
plate motions. All three approaches have been attempted but the results are
still inadequate.
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