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Abstract

Fossils and tidal deposits as well as the possibility to compute values of the lunar tidal torque for different geological epochs allow
us to model the variations in time of the Earth’s figure, assuming that the latter remains, on a global scale, close to a hydrostat
equilibrium figure. On this basis, one can infer the variations of the Earth’s most important geodynamic parameters over mucl
of the geological past. Thus, the geometrical flattening has decreased fad® 5 to 3x 10°3, the normal gravity on annual
average increase at the equator®® nanogal. In present study, first the influence of the tidal friction on the length of day (LOD),
geometrical flattening and the Earth—Moon distance during the history of the Earth will be discussed. The different despinning rate
during the Phanerozoic (Pz: 0-0.56 Ga BP) and Proterozoic (Ptz: 0.56-2.5 Ga BP) will be also demonstrated. For understandir
the development of the dynamics of the early Earth and the Earth—Moon system the length of day during Katarchean (3.00—4.55 C
BP) shortly after the Earth formation was also estimated.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

On the basis of geochemical and geophysical investigations, it can be concluded that the formation of the Earth rur
comparatively quickly. Our planet was separating out the continental crust during early Katarchean, 4.4 Ga BP (10
million years after the Earth formationiKérr, 200Q. The formation of the life began early, perhaps 3.8 Ga BP ago
(Marais, 2000. Eriksson and Simpson (200@gtected in the sedimentary rocks from South Africa tidal formations
dating 3.2 billion years ago. Their analysis implies that tides were not unusually strong then and that the Archeal
(3.8-2.5Ga BP) lunar orbit was similar to that seen today. Presumably the operation of plate tectonic was presel
2.7 Ga BP Kerr, 200Q. In spite of these facts, it also can be concluded that our knowledge on the development of the
Earth during its history is incomplete. The study of the Earth’s despinning history can help, however, to understant
processes governing formation of our planet.

Fossils and tidal deposits as well as the possibility to compute values of the lunar tidal torque for different geologica
epochs on the basis of paleocotidal maps serve as basis of our investigation. On this\¢aoymet al. (1998nferred
the variations of the rotation speed during the last 3 Ga BP and the most important geodynamical parameters we
determined over much of the geological past.

To illustrate the relative importance of despinning of Earth rotation caused by the tidal friction the following rough
estimates of the annual variations of the energetic household of the Earth can be given:
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Solar energy (J/a) ~2.1x 1074
Atmospheric circulations (J/a) ~6.3x 1072
Loss by heat flow (J/a) ~1.0x 104
Oceanic circulations (J/a) ~3.2x 10%°
Rotational energy (J/a) ~1.6x 10%°
Energy of earthquakes (J/a) ~9.5x 108
Volcanic energy (J/a) ~2.0x 10'8
Geomagnetic storms (J/a) ~3.2x 1018

2. Despinning of the Earth angular rotation and the Earth—-Moon system through the geological history

The tidal despinning is mainly generated by a fictitious Moon, which revolves around the Earth on a circular orbit in
a plane, which coincides with the terrestrial equator (it is the case of semididsnial wave). Using this assumption

the angular speedj and the despinning ra(e‘é—‘;’) is obtained for the geological history, then the flattenaiid the

Earth—Moon distance:)] can be calculated for different geological epochs with the use of relatively simple equations
(seeDenis, 1986; Zharkov et al., 1996

df R®  dw

E_(1+kS)GMEwE (1)
de  2(Mg + M) _q dw

g v - 2
dr MeMm Clen) dr 2)

whereMg andM), are the masses of the Earth and the Manis;the orbital speed of the Mook is the secular Love
number;C is the polar moment of inertidj is the gravitational constark;is the mean radius of the Earth.

The tidal torque —which determines the despinning of the Earth — is composed of three components. The atmospheri
tidal torque has an overall accelerating effect and amounts tox+004% J. The torque produced by the solid Earth tide
depends on the phase difference between the observed and theoretical tides. Due to the fact that this phase differen
is small <0.0%) the corresponding tidal torque is—0.5x 10'J. The oceanic tidal torque is the most significant
component of the tidal torque and amounts-#.1x 10'®J. The oceanic tidal torque at present epoch is composed
first of all of the semidiurnal tidal wav&> (83%). The input ofi/, strongly depends on the distribution of continents
and oceans and probably it was different in the geological past. On the basis of analysis of paleo-cotidal maps it seem:
however, that the role dff, wave was always determinant. The tidal torque of the oceans influences the rotation speed
first of all through the tides of the shelf ared&(ga et al., 1998

Length of day (LOD) values anthndc data derived from it are plotted Figs. 1 and 2The length of data is sparse
and they were collected together from different sourcégairga et al. (1992, 1998)nformation came from fossils,
stromatolites and paleodeposits of the Phanerozoic and Proterozoic. Concerning the LOD deiyeslodind 2wo
guestions must be answered:

- What is the accuracy of paleontological and paleosedimentological data used for determination of temporal variation
of length of day?
- Are the changes reflected by this curve significant in statistical sense?

An estimate of error in LOD can be obtained from a comparison of daily growth rings of recent corals and the
astronomical datum. This way the relative error value of length of day data is around 2%. The error bounds of the
absolute age determination based on radiometric dating usually are not indicated. When they are provided the typice
errors are smaller than 10% and only rarely approach 20%.

To answer the second question on statistical significance of the non-linearities in the despinning a robust statistica
modelling was carried out. The robust estimation is a convenient statistical parameter estimation technique when the
distribution of errors cannot be a priori supposed as normal. Thus the robust estimation is a generalization of least
squares method. A common feature of most robust estimation techniques is to reduce the influence of outliers and t
allow optimal solution in case of different error distributions. In case of paleontological and paleosedimentological data
the Laplace-type robust estimations of degree3 are suitable. The condition for modelling the paleorotation periods
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Fig. 1. Variations of LOD (in hours), flattening) @nd Earth—Moon distance)(during the Phanerozoic and Proterozoic.

was that the deviation from the statistical model should be lessHfash. In case of first ordenE 1) modelling
the length of day variations for the Phanerozoic (Pz) (0-0.56 Ga BP) and Protorezoic (Ptz) and most of the Archea
(Arch) (0.56-2.50 Ga BP) give significantly different linear trendsrga et al., 1992

LODp; = 24.00— 4.98
LODpt; = 21.44— 0.97t

wherert is the time before present expressed in Ga=eon.

During the Pz the increase of LOD amounted on the average to 1.79 ms/century (4.98 h/eon) and the Ptz can |
characterised by 0.35 ms/century (0.97 h/eon).

There are two possible explanations for the approximately five times smaller despinning rate during the time-interva
0.56—2.50 Ga BP than during Pz. Either the tidal retarding torque acting during the Proterozoic and most of the Archea
was on the average much smaller than the present day value, or the tidal torque was about the same all the time, |
there existed a compensating effect of tidal friction brought about the core and/or continuous mantle differentiatior
(Denis et al., 200R

©)

(1) Animportant consequence of the data calculated with the use of Bognd(2) as plotted inFig. 1is that the
Moon was only about 4% closenrd10° years ago than today and its orbital radius remaining within about 90%
of the present value (4.0-4.5) Ga BP. This means: the development of the Earth—-Moon system was probably slo
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Fig. 2. Variations of LOD (in hours), flattening) @nd Earth—Moon distance)(during the Phanerozoic.

and gradual during almost the whole history of the Earth, namely after the Katarchean (3—4.55 Ga BP) except the
time-interval very close to formation of the Moon.

(2) The statistically significant low during the Mesozoic (0.35 and 0.15 Ga BP) showig.ir2 coincides with the
time of Pangea super continent, i.e. when the area of continental shelf was significantly reduced. It was shown by
paleotidal torque estimations that around the same time-interval the value of the oceanic tidal torque had its relative
minimum too Zharkov et al., 1996 The anomaly in the despinning during the Mesozoic is correlated with the
low of the magnetic field@enis et al., 200R This coincidence suggests that the anomaly of the rotation speed in
the middle of the Phanerozoic to some extent is related to the processes of the Earth interior (to the phenomen
which have their origin in the core).

3. Time variation of geodynamical processes

With the use of Eqq1) and(2) one can calculate the variation of the Earth’s geodynamic parameters over a large part
of the life span of our planet assuming that for the considered time scales, the Earth evolving shape can be described
a succession of hydrostatic equilibrium figures. It is also necessary to suppose that the core formation was essentiall
completed (2.5-3.0) 10° years ago, the gravitational consta@),(the mass¥g) and the mean radius of the Earth
(R) did not change appreciably.
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It can be concluded that the geometrical flattenifigof the Earth has decreased by about 70% during the last
(2.5-3.0)x 10° years. This modification of was more or less stable during the Pz and it led to elastic stress accumu-
lation in the outer most part of the Earth (depth interval 0—100 km). This process is continuing redargly €t al.,

1998. Using the LOD valid for different epochs of the geological past it can be concluded that (2.5-3.0) Ga BP the
reduction of the gravity at the poles wa®90 mgal, and the increase at the equator amounts to about 340 mgal. From
this consideration follows: the equatorial average increase rate is about 2 nanogallyear.

4. Estimation of the length of day and the Earth—Moon distance near to the time of formation of the Moon

With the use of the second equation(8f at the time of Earth formation (4.5 Ga BP) the result will be 17.5 h. This
value should be an extreme short one and serves as a lower bound because the despinning of the Earth’s axial rotat
is due to oceanic tides first of all and the solid Earth tides has only a reduced despinning effect. It can be suppose
however, that the first oceans were formed significantly later than 4.5 Ga BP. Another estimation became possible
the database described\farga et al. (1998jor the time interval from the present epoch till 3.0 Ga BP is used in a
robust estimation process. The database can be modelled in this case by an exponential expression, which gives

LOD = 4.68 7000166 4 1965

using a robust estimation procedure.

With the use of this model the length of day between 3.0 and 4.5 Ga BP is practically constant and amounts ft
19.6 h. This value can serve as an upper bound for the LOD 4.5 Ga BP, because in this case it is supposed that the
was no tidal friction at all during the first 1.5 Ga of Earth history. From the already mentioned papek&son and
Simpson (200Q)it can be concluded that the length of day 3.2 Ga BP was closer to 15 h than to 24 h, which means:
LOD at that time was less than 19.5 h.

To estimate the original LOD valudi) the equation for the characteristic time of the lunisolar despinniig
can also be of uséHubbard, 198%

27 M, ECG

- 4
3ksToG My R3S )

TTID
Here,§ is the tidal delay of the lunisolar bulge, which was6f8r Pz and 1.5 for the Ptz {arga et al., 1998 For
the earlier parts of the Earth history, we can supp@os®.5 because during the early history (before 3 Ga BP) of our
planet its surface not consists of worldwide oceans in the present day sense. For the ugd)dbEsgtimately, i.e.
LOD around 4.5 Ga BP the value ofs needed in the remote past. Using the data obtained fror(REgne gets:

¢ =3.3844x 10° m, for present epoch;
¢=3.4500x 1B m, for 3.0 Ga BP;
¢=3.2000x 108 m, for 4.5 Ga BP.

For the characteristic time of tidas|p — to a certain extent arbitrary — we suppose three values: 10 Ga; 7.5Ga,;
5 x 10° Ga. In case of the real Earthp >5 Ga and with high probabilityTp > 7.5 Ga. This assumption is based on
the fact that at present epoghis significantly shorter than the lunar month and using for extrapolation the despinning
rate dvo/dr valid for Pz it can be assumed that this situation remains for the next 2.5 Ga too.

In Table 1 LOD values are estimated for 4.5 Ga BP in the case of different phase d&lafs (he Earth—Moon
distancesd) of present epoch (3.84410°m), of 3 and 4.5Ga BP (3.45010° and 3.200«< 10 m, respectively),
furthermore for the three characteristic time values of the lunisolar dampjpgnentioned above.

In Table 1, values listed in rows for =3.844x 10° (present epoch) are unrealistic in case of LOD forx4 B’

BP. The results in the last column can also be excluded beeayise 5 x 10° year. According to result dEriksson

and Simpson (2000L.0OD 3.2 Ga BP was already shorter than 19.5 h. It was mentioned above that in case of the
linear extrapolation of the paleorotational data we got the lowest bound for LOD at 4.5 Ga BP (16.5h). So only one
possible solution remains fdfo: it should be between 15.15 and 20.22h 4.5Ga BPQ.5, ¢=3.2x 10°m and

1D = (10-7.5)x 10° years). This result coincides in an acceptable degree with the upper and lower bound values
obtained earlier.
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Table 1
LOD values in case of different phase delag)s Earth—Moon distances)and characteristic times of lunisolar despinningd)
¢ (m) r11p =10 (year) 7.5x 10° (year) 5x 10° (year)
§=2°
3.844x 10° 11.39 15.19 22.78
3.450x 108 5.95 7.94 11.91
3.200x 10° 3.79 5.05 7.58
§=1.5
3.844x 108 15.19 20.25 30.38
3.450x 108 7.94 10.59 15.88
3.200x 10° 5.05 6.74 10.11
§=1.00
3.844x 108 22.78 30.37 45.46
3.450x 10° 11.91 15.88 23.82
3.200x 108 7.58 10.11 15.16
§=0.5
3.844x 108 45.57 60.75 91.12
3.450x 108 23.82 31.75 47.65
3.200x 108 15.15 20.22 30.30

In past the Earth spun faster and the Moon was closer to the Earth. The Earth spin state at very early times is
uncertain. When the Moon was much closer to the Earth the tidal interactions were complex (d8ssaugr et al.,
2000. Estimation of the time-interval during which this violent dynamical development took place is an important
task. The giant impact theory is the leading hypothesis for the origin of the Moon. This event occurred near to the end
of terrestrial accretion, when more than 95% of the Earth mass was accreted. The single impact theory was propose
in 1975 and the numerical solutions of collision of a 1/10 Earth mass planetesimal with the Earth were carried out
at the end of eightiesQanup, 2003 Kokubo et al. (2000show that the formation timescale of the Moon is of the
order of 1 month and it took place at a distance 1.3 Roche lit%x 10° km). The numerical simulations carried
out describe many details of the Moon formation. It is generally accepted that the present high angular momenturr
of the Earth—Moon system can be explained by the collision with a Moon-sized projectile with the Earth. There is
no doubt that on average more than 80% of the Moon’s composition comes from impactor’s mantle. Moon is made
predominantly from outer regions of the impactor, which not collide directly with Earth. AccordiRgltae (2004)
“... after the initial impact they expand to distances of several Earth radii where they are placed into stable Earth
orbits by gravitational torque”. The impact event could not have remelted the Earth substantially, generating a magme
ocean, but imprints of such geochemical fractionation of elements into solid or liquid phases have not been observe
(Sankaran, 2002

The question how long lasts this dynamical stage of the development of the Earth, Moon and the Earth—-Moon
system is still open. The formation of the Moon accordindakubo et al. (2000and Palme (2004}o0k place at
the distance from the Earth, which is significantly smaller than the present Earth—Moon distance, which was more or
less the same during the predominant part of the Earth lifetime. It follows from results described in present study that
3-3.5 Ga BP the Moon was only about 4% closer than today and it can be also supposed that its orbital radius remain
within about 90% of the present value (4.0—4.5) Ga BP.

5. Conclusions

At present, we can accept that the values between 19.5 and 17.5 h are giving realistic estimation for the rotatior
period in time just after of Earth formation. This means that during the whole history of the Earth the LOD has changed
only ~30%. The corresponding change in the rotational enérgy %“’2 is more than 50%. Most of this rotational
energy loss{1.7 x 1072 J) is connected with Pz, i.e. with 13% of the total lifetime of our planet. What was the impact
of this energy loss into the development of the Earth and of the Earth—Moon system? This question should be answere
by future investigations.
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The set of data used in present study contains information derived from paleontological and paleosedimentologic:
data about long-term variations of the spin of the Earth. From this data, we infer that Earth’s rotational history has
been essentially not linear. The Earth—Moon distance has increased slowly in Ptz relative to its present day value.
was mentioned in Sectiahthat an important consequence of data plotteBign 1is that the Moon was only about
4% closer 3 Ga BP than today and its orbital radius remaining witfi% of present value (4.0-4.5)Ga BP. It is
shown by model calculations based on the giant impact theory that the formation of the Moon was a fast process
distances probably significantly smaller than the present v&loleupo et al., 2000; Palme, 200Dur results suggest
that the dynamical part of the development of the Earth—Moon system should be complete soon after the formation c
the Moon, and since 4.0 Ga BP the evolution of the system is slow.

For interpretation of the Earth rotation history, it is important to consider the characteristiatimge The straight-
forward use of Eq(4) given byHubbard (1984)n case ofs = 0.5, we gotrrp = (10-7.5)x 10° years. If instead of
the secular love numbet, the elastic love numberis used as itHubbard (1984yve get for the characteristic time
(3.0-2.5)x 10° years, which is evidently too small for the Earth. If the same calculation is carried out for the Moon,
we obtain for thertp 10 and 3 million years in case of kndk, respectively. This means that the tidal evolution of
the Moon was complete very soon after the formation of the Earth—Moon system.
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