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Abstract. To explain the observed effects in the Earth’s polar motion,
a mechanism of the relative motion of the lower mantle and upper mantle
with a boundary at 670 km of depth is proposed. According to the new
approach, the Earth’s layers (including separate plates) are considered as
nonspherical, heterogeneous celestial bodies, interacting with each other,
with the Moon and the Sun and executing a wide spectrum of relative
motions in different timescales. The small displacements of the centers of
masses of the lower and upper mantles and their relative rotations have
here a primary importance. These displacements display themselves at
various time scales (from a few months to millions of years), and their
manifestations are readily detected in the regularities of the distribution
of geological structures as well as in many geodynamical processes. Im-
portant regularities of the ordered positions of the plate centers, of their
triple junctions, hot spots, systems of fractures and cracks, geographic
structures, fields of fossils, etc., are observed as consequences of certain
displacements and inclined rotations (Barkin, 1999). At geological time
intervals, the slow motion of the layers causes mutually correlated vari-
ations of the processes of rifting, spreading, subduction, regressions and
transgressions of the sea, of the plate motion, formation and breakdown of
super continents, etc. The motions and the accompanying tectonic mass
redistribution cause variations of the components of the Earth’s inertia
tensor and geopotential, which lead to variations of its diurnal rotation
and polar motion. Explanation of the main properties of the perturbed
Chandler polar motion has been done.

1. Dynamics of Earth’s layers as new geodynamical conception

Many celestial bodies — planets, large satellites, stars and other objects can be
considered to be systems of layers. Only in the first approximation these objects
can be presented as concentric and with definite concentric distribution of den-
sities. Layers are characterised by definite physical properties, sizes and mass
distribution. They can have different physical states (rigid, elastic, non-elastic,
liquid, gaseous and other). Layers are mutually interacting (including their
gravitational interaction) and interact with external celestial bodies. In more
detailed consideration density distributions in the layer are quasi-concentric and
generally non-homogeneous and non-spherical and with changing physical prop-
erties.
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Layers of the Earth, of course, are studied (atmosphere, hydrosphere, crust,
mantle, liquid core and rigid core) by seismic, tomography, gravimetry methods
and by space dynamics methods.

In our approach we suggest that phenomena of the eccentricity and relative
displacement of the centers of mass of layers are fundamental and general. These
phenomena have gravitational nature and are caused by mutual gravitational
interaction of the non-spherical and non-homogeneous envelopes and external
celestial bodies (Barkin, 1999).

2. Eccentricity of the Earth’s layers

Centers of mass of the Earth’s layers could be coincident only in the ideal case
when they have spherical form and concentric distribution of densities. In re-
ality these envelopes are eccentric. Eccentricity of positions of the envelopes
are caused by their nonsphericity and heterogeneities, by mutual gravitational
interactions with the Moon and Sun in the geological history of the Earth.

From our studies we find that the center of mass of the lower layer has an
eccentric position and is displaced relative to the Earth’s center of mass 6.50 km
in the direction 15.4°S, 30°W (Barkin, 1999). The Cartesian coordinates of the
center of mass of the lower mantle are:

z = 5.43km, y=3.13km, z=-1.73km. (1)

The corresponding displacement of the center of mass of the upper layer in the
opposite direction will be 4.462 times more, so the mass of the layers are 0.8169
and 0.1831 of the Earth’s mass. The displacement of the center of mass of
the upper layer is 29.00 km toward 15.4°N, 150.0°E (direction to the Earth’s
magnetic center).

The displacements are confirmed indirectly by the asymmetry of the Earth’s
gravitational field. These displacements explain the values of the coefficients of
the second harmonic of the Earth’s gravitational field. Parameters of the second
harmonic of the the gravitational field (Barkin, 1999) define the direction of
displacement of the center of mass of the lower mantle with respect to the center
of mass of the Earth toward 61°54'W, 28°71’S. Similar values also were obtained
from interpretation of the planetary distribution of the & factors of the Earth’s
tides and from analysis of the relative motion of the liquid core (Barkin, 1999).
It is worthwhile to note that theoretical values of parameters (1) are correlated
with independent data about variations of the geopotential coefficients due to
subduction and accumulation of the masses of the ocean plates. They are in
agreement with direction of the global tectonic processes and with kinematical
characteristics of the plates and with many regularities of the geological and
geographic structures (Barkin, 1999).

3. Oscillations of the centers of mass of the lower mantle and of the
upper mantle due to lunisolar attraction

Dynamic analysis of the relative motion of the centers of mass of the lower and

upper mantles in the gravitational field of the Moon and the Sun was accom-
plished on the basis of the inner variant of the three-body problem. A wide
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spectrum of frequencies of small relative displacements was determined. Pertur-
bations of the relative Cartesian coordinates z,y, z are defined by

r=2z9+0z, y=yo+ 0y, z=2z20+6z. (2)

Here 2q, yo, 20 are the parameters of the eccentric relative position of the cen-
ters of mass defined from indirect data about the Earth’s gravitational field.
They can be considered as zero approximation or as some initial values of coor-
dinates. The nature of this constant displacement is connected with evolution
and gravitational interaction of the layers considered as non-spherical and non-
homogeneous celestial bodies (Barkin, 1996). Principal periodic perturbations
are defined by the following simplified formulae (here we do not consider quasi-
diurnal and semidiurnal oscillations):

E2 — 2
b = ~2oF(t), dy=—yF(t), éz= 4z0TF(t), 3)
where P
F(t) = 27 R ; B, cos O,
B, = —%(3 cos? p— 1)A0) — %sin 2pA,(,1):11- sin? pAQ?),
O, =iy +vls+uvsF 4+ 4D + 159, and (4)

p = —23°439291.

Here N%2 = n,m, m = mymz/(m1 + my), na is a mean motion of the Moon,
my = 0.1831 - mg, mg = 0.8169 - mg are masses of the upper and lower mantle,
mg is an Earth mass, k is the elastic coefficient of the interaction of envelopes, w
is the angular velocity of the Earth. Av()(i = 0,1,2)are the constant coefficients
known from theories of Earth and Moon rotation (Kinoshita, 1977). p is the
unperturbed value of the angle between the angular momentum of the Earth
and the normal to the ecliptic plane. © = vylpr + vongs + vang + vanp + vsng is
the linear combination with integer coefficients of the well-known arguments of
the lunar orbital theory which are linear functions of the time with corresponding
frequencies: npr,ns,nF,np,ng. Also we will use notation: Q, = nynpy +vens+
vang + vanp + vsng. The solution to (2)-(4) was obtained on the basis of linear
equations describing oscillations of the Earth’s layers by lunisolar attraction and
by assuming that the central elastic force acts between the Earth layers. We
take into account the real properties of the lunar and solar orbital motions. (A
similar treatment of the problem was given by the author in a study of relative
motions of layers of the Earth (Barkin, 1996).)

The solution of (2)—(4) defines the principal direction of the layer displace-
ments with lunar orbital frequencies along some straight line situated in the
plane of the meridian of eccentric position of the centers of mass. In the case
of eccentricity the trajectory is directed toward 30°W, 47°8 N. That practically
coincides with the center of the largest bulge of the liquid core surface, with a
region of positive gravity anomaly and an active North Atlantic spreading zone.
We can suggest that this line has an important role for Earth evolution. The os-
cillations of the envelopes with lunar orbital frequencies can generate some slow

https://doi.org/10.1017/50252921100061510 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100061510

376 Barkin

motion along the line mentioned in different time-scales. In particular displace-
ments of the lower mantle to the south along this line in the modern epoch can
explain the secular reduction of the polar moment of inertia and corresponding
observed positive acceleration of the Earth diurnal rotation. Now we can study
variations of the components of the tensor of inertia of the Earth for the law of
displacements of layers.

It is important to remark that in particular (2)~(4) contain the perturbation
with frequency nys — np with a corresponding period of 411.78 days. We will
show below that this perturbation produces variations of the products of inertia
which control the observed Chandler polar motion, excluding full damping.

Of course the amplitudes of displacements of the centers of mass of layers
depend on eccentric parameters in a given epoch and on the mechanism of the
elastic and viscoplastic interactions of the envelopes and on specifics of their
deformations. Here we use an extremely simple model of the layers and their
interaction.

4. Variations of the Earth’s products of inertia

We will consider only variations of the products of inertia of the Earth E and
D since their variations have more impact to the right side of the equations
of rotational motion of the deformable body (Barkin, in press). Taking into
account that the displacements of the centers of mass generate similar mass
redistribution in the upper layers of the Earth we have:

SE = —K[3mRgrocos ¢sin ¢ cos AF(1)],
6D = —K[3mRgro cos ¢ sin ¢sin AF(t)]. (5)

Here K is a coefficient of proportionality. This coefficient also takes into account
the elastic factor k. Here we have assumed that variations of the products of
inertia are proportional to the displacement of the lower mantle. The value K
was evaluated on the basis of data about variation of the Chandler motion with
a period of 38.6 years (K =~ 190).

We will consider only one variation of the products (5) and CPM with a
period of 411.78 days, which plays a main role in the excitation of the CPM.
For this variation we have v = (1,0,0,-1,0) and

8E = E,cosAcos(lpyr — F), 6D = FE, sin Acos(lp — F), (6)

where

— 2 k(22 ) oo ) (L)
E, = 2JIxm(R®>cos¢sm¢(w2_k2 ——— CgB,.

In (5), (6) Rg and Cg are the mean radius of the Earth and its polar moment
of inertia. For numerical values of the parameters B, = 5.7962-10~%, ¢ = —15°%4,
A = —=30°0, mpr/(mpm + mg) = 0.01251, J = Cq/mgRE = 0.33068, (ny/w)? =
1.3401 - 107%) we obtain E, = K -0.2822-107'2Cg = 0.536 - Cg for K = 190.
Also we introduce two new parameters: M = E,w/20Cq = 0.3781-107° and
L, = M,o, where 0 = np; — np, w/o = 14108.2.
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5. Explanation of the Excitation of the Chandler Motion

To explain the CPM we use the equation in the Andoyer variables 8, [, and g.
Here 6 is the nutation angle between the angular momentum vector and polar
axes of the deformable body. It can be interpreted also as the amplitude of the
CPM. [ defines the CPM along the polar trajectory. The angle g we consider
as the angle of diurnal rotation of the deformable body. These variables and
the corresponding equations of the rotational motion of the deformable body
are described in Barkin (in press). We will study the influence on the rotation
only of variations of the dynamical structure of the body and will not consider
direct action of the external celestial bodies. Also we will not consider the role
of the relative angular momentum of the deformable body. Equations of the
deformable isolated body can be presented in the form of equation (5) of the
paper Ferrandiz & Barkin of this proceedings. Here we present only a simplified
form of these equations of the angular momentum motion taking into account
only the most remarkable terms. (Here we use fact that for the Earth 6 ~ 1076.)
Therefore, we have in the right sides of equations only variations of the products
of inertia. Using formulae (6) we obtain:

dé
i COSHZU:[COS(@nU +14+ X)) +cos(Ov —1-A)],

l
g—t = —cos8Qcg — cos ecl cos 26 Z[sin(@nu + 14 A)=sin(Ov —1 - X)], (7)

where Qcgp = —G(1/Co—1/Ap) > 0 is the unperturbed Chandler frequency for
which we adopt the value of Toy = 424.16 days.
Counsidering L, as small we obtain the following analytical expressions of

perturbations of the first order for variables 8,1 and for the variation of TEH =
27 /(dl/dt) of the Chandler pole motion:

dé = Z 6,18in(Opu+ 1 + A) 4 0y -1 sin(Opu — I — A),
dl = Z 0,1 cos(Opu+ 14+ X))+ Ly -1 cos(Opu — 1 — A), (8)

where

STEH = Ter Y u{Ty1sin(@nu + 1+ A) + T, -1 sin(Onu — I — A)},
n

p _ Lycosd
YT, F Qer’
LouQdcgcos® L, cosechcos28
lu +1 = = ) (9)
’ (Quu F Qop)? QuuF Qcp
Lousin@cosd L, cosechcos28
Tu,:hl = .

T QT Oonm | Senm

In (8),(9) 0 = 6o, I = cos0Q¢pgt + lp is a zero approximation which describes
the unperturbed Chandler motion; 6y, [y are initial values of the corresponding
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variables. Let us consider only the principal perturbation from (8), (9) with
indexes v = (1,0,0,1,0). A theoretical solution was obtained for accepted pa-
rameters of the problem: 8y = 07175, Ty 0.0-1.0 = 27/Q1.00-1.0 = 411.78 days,
Ter = 424.16 days. On the basis of these values and formulae (8), (9) we obtain
the final formulae for perturbations of the amplitude and period of the CPM:

80 = 007799 Sin(@l.o,o‘_l.o +1+ )\) + 07001155 Sin(@l.o,o_-l.o - - A),

6Tcri™ = Top[0.013399sin(0; 0.0, _1.0++A)—07013399 sin(O; 0.0.—1.0—1—N)].

(10)
First terms from (10) give the forced polar motion with period T:.s = 38.6
years. They present the main effect in the observed evolution of the CPM in the
last century (Vondrdk 1996). The second terms in (10) have period T’ = 0.572
years. The solution (10) in particular describes the variations of the amplitude
and period of the CPM with period T,.s (07156 and 11.4 days). Observed
values are about 07165 and 12.5 days. More detailed studies of the problem let
us determine a new set of variations in the CPM with periods which are also
observed, in the diurnal rotation and in the many geophysical processes (31.8y,
19.3y, 12.6y, 11.8y, 9.3y, 7.2y, 3.6y, 3.0y, 2.1y and others).

6. Discussion

The CPM is a forced motion. It is caused by the gravitational influence of the
Moon and Sun on the relative positions of the Earth’s layers. Orbital perturba-
tion of the Moon with period 412 days leads to a variation of the products of
inertia of the Earth with the same period. The last mechanism excites perturba-
tions in the CPM of definite properties. The central role here is the intermediate
mechanism of the displacements of the Earth’s layers. The possible important
role of the lunar orbital perturbations in the CPM was earlier pointed out by
Avsjuk (1996).

Of course our mechanism of the displacements of the Earth’s layers must
have manifestations practically in all geophysical processes. They must natu-
rally display mutual correlation. (Some of them are confirmed by observations.)
The important peculiarity of the above-mentioned geodynamic properties is
their property of inversion with respect to the Earth’s opposite hemispheres.
The centers of masses of the layers execute motions along the line of centers of
these hemispheres. Similar displacements of the envelopes allow us to explain
the observed reversals of the Earth’s antisymmetry and the development of the
Gondwana-Laurasia system as well as of the east and west hemispheres of the
Earth.

The mechanism proposed has similar effects also at comparatively short
time intervals (in the last 100 years). I propose an explanation of the observed
inversion in the activity of the volcanism of the subduction zones and zones
of spreading. The mirror phenomenon in the seismic activity in the east and
west (north and south) hemispheres of the Earth has a similar explanation. The
peculiarities of the trend of volcanism and seismicity and their correlation with
variations of the Earth’s diurnal rotation and its polar motion, observed in the
last 150 years, have been confirmed and explained. The displacements of the
layers, accompanied by tectonic mass redistribution, lead to the Earth’s rotation
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variations and to correlated variations of the volcanism, seismic activity, geyser
activity, sea level, climatic changes, biological changes, El Nifio phenomenon, etc.
The eccentricity of the positions of layers’ centers of masses, their displacements
and relative rotations are generated by their gravitational interaction with each
other as well as with the Moon and the Sun under the conditions of the rotating
and precessing Earth. The mechanism proposed explains all the correlation,
detected earlier, and allows us to predict some new correlations. In particular,
the observed positive acceleration of the Earth’s rotation can be explained by a
displacement of the center of mass of the lower mantle from its present eccentric
position toward the Earth’s center of mass. This is also consistent with the
general tendency of volcanism in the subduction zones in the last 150 years.
The mechanism proposed enables us to explain some irregular effects observed
in the displacement of the Earth’s center of mass, for instance its deviation in
1997-1998 and the El Nifio phenomenon, migration of seismic activity along the
Pacific Belt in 1949-1960, etc.
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