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Abstract

The dynamic forces that cause the movement and deformation of the Earth’s
crust have been the subject of debate for decades. Recent studies, based mainly
on the analysis of stresses, have suggested that tectonic plate dynamics is mainly
controlled by gravitational potential energy, subduction, the expansion of oce-
anic transform faults, thermal convection, plumes, etc. This shows that for
over sixty years, geophysicists have considered plate tectonics as a unique and
direct consequence of the Earth’s internal activity. However, the Earth is not
alone in the universe; it is part of the Milky Way and in particular the Solar
System where the Sun is the dominant gravitational mass. In this article, I take
a gravitomagnetic approach of the action of speed on the moving bodies and
examine the action (forces) of the Sun’s gravitational field on the rotating
masses of the Earth verify that there are dynamic forces generated by solar
gravity acting on lithospheric plates through a comparison of my model of
tectonic plate velocities with GPS data (not to be confused with the action of
the lunar tide on earth). The results indicate that my model is consistent with
data for the Eurasia (EU), Pacific (PA), North American (NA), South Ameri-
can (SA) and Australia (AU) plates in the ITRF 2000 and ITRF 2005 Terres-
trial Reference system. This suggests that the various layers of the Earth, in-
cluding its crust, the lithosphere, the asthenosphere, the upper and lower man-
tle and the core, undergo additional stress to that resulting from the internal
activity of the Earth. My results provide new perspectives on heat flow, litho-
spheric rheology and a better understanding of earthquakes and dynamic of
plate tectonics.
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1. Introduction

The theory of plate tectonics is widely accepted. It states that mechanical energy is
dissipated in orogenic zones where there are horizontal movements between rigid
lithospheric plates. The theory’s success comes from the fact that within-plate de-
formations are much less significant than movements along seismic deformation
zones. Thus, the movement of plates on the surface of the globe suggests that they
are more or less rigid. The United States deep sea drilling program Joides (Joint
Oceanographic Institutions for Deep Earth Sampling) has tested the seafloor spread-
ing hypothesis of H.H. Hess concerning the distribution of magnetic anomalies [1].
It has confirmed that the differential movements of lithospheric plates are of the
order of a few centimeters per year—or several thousand kilometers per hundred
million years. If I consider that intra-plate movements are negligible then it can be
assumed as a first approximation that these spherical caps are perfectly rigid and
that their borders are marked by seismic activity. The boundaries of these plates can
therefore be simply defined and used to describe the specific kinematics of the sphe-
roid that is the Earth (see Figure 1).

For over sixty years, geophysicists have attempted to perfect the theory of con-
tinental drift. Arthur Holmes, amongst others, suggested that thermal convection
in the Earth’s mantle produced the necessary force to produce continental move-
ments [2] [3]. However, there is still no comprehensive physical theory that pre-
dicts how plate tectonics work.

This paper argues that the additional forces required for the movement of lith-
ospheric plates and the accompanying stresses could be produced by external
events to Earth. I argue that the influence of the solar gravitational field on the
rotating mass of the Earth supports a theory that can accurately predict the move-
ment of the lithosphere relative to the asthenosphere, which is considered as a
reference (especially in relation to hotspots). We show that this strength of the
movement is at least one hundred times greater than the tidal forces of the Sun
and the Moon together, and that these tidal forces have a negligible role in the
movement of tectonic plates [4]. My argument is based on earlier work [5]-[10]
and takes as a starting point results related to the framework of gravitomagnetism
implied by Einstein’s general relativity theory (GR), with yrepresenting the accel-
eration produced by the earth according to the modified Newton relation see pub-
lications [5]-[10].

We have the following relation:

(1
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Figure 1. World Seismicity Map 1964-2008. (Source: International Seismological Center)

2. Complete Symmetry for the Sun and the Planets

In the relation 1, v is the projection of the vector speed along the radial radius r
(distance between the sun and the earth), and G is the gravitational constant.
An interesting characteristic of relation 1, is that acceleration is no longer inde-
pendent of the sign of the velocity v of the test particles making up the mass
M , the source of the gravitational field.

I now examine the case of gravitational masses, in particular the Solar System
and the Sun whose volumetric expansion and mass are far greater than that of the
planets. It is common knowledge that the planets revolve around a stationary Sun
which itself rotates upon its axis. Over a short time, span, the planets can also be
considered as stationary in relation to the Sun and mass AM_, of the two hem-
ispheres of the Sun moving with speed +vor —vin relation to the planets (Figure
2). Speed vis defined as the relative speed between the Sun’s hemispheres and the
planet in question, in this case the Earth. This does not take into account the in-
fluence of the other planets in the Solar System. The relative speed of the Sun’s
rotation seen by a test body AM_ belonging to the Earth is almost zero because
it is subject to speeds +v and —v of both hemispheres of the Sun (see Figure 2).
Extended to the total mass of the Earth this speed is considered to have no effect
on the action of the gravitational field of the Sun. By applying (1) and replacing v

by zero, acceleration y =

is equal to Newton’s classic relation.

2
7

Figure 2. Cancellation of the Sun’s rotation speed for mass AM _ .
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However, this is not entirely true, Figure 2 shows that the distances 7 and #
(and the density of the sun’s matter) are not equal. However, this difference does
not present a serious error in the calculations, for the purposes of my application I
will not take this into account (the maximum is about 10~ m/s vs 466 m/s for the
Earth). Applying the same reasoning used for the Sun to the Earth, Figure 3 shows
the speeds of the Earth’s hemispheres to be +vand —v (the speed of the Earth’s ro-
tation around its axis) and this relative speed is taken into account in (1) in the ac-

celeration y produced by the Sun on the element of mass AM_ on the Earth.

Figure 3. Relative speed of the Earth’s rotation for mass AM _ .

3. Reaction between the Sun’s Gravitational Field and the
Earth’s Rotation

Using the polar coordinates and considering the Earth as having a quasi-continu-
ous density from the inner core to the upper mantle I consider mass AM_ who’s

the infinitesimal volume dJ can be defined as:
dV =r’-sing-dr-dg-do (2)

The infinitesimal mass dm can be defined as:
dm=p-r*-sing-dr-dg-do 3)

Here 4 is the density of the zone on the Earth and ris the vector radius of the

test mass AM _ (see Figure 4).

X

Figure 4. Polar coordinates of the point Qof mass AM _ on the Earth.
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To facilitate the calculations that follow, I consider the distance between the
center of the Sun and any mass AM , as equal to the Earth-Sun distance. This
distance will vary based solely on the position of the Earth around the Sun and the

eccentricity of its orbit is

earthsun

=R,-(1-e,-cos 1), where 1 represents the
position of the Earth with respect to the Sun and has the value of 0 to 2n, while
R, is the Earth-Sun distance equal to 1.496 x 10'' m where A =0 in winter.
Figure 5 shows the spherical coordinates of the Earth with the unit vectors
e,e, and e;. The unit vector e, represents the direction of the center of the
Sun at an angle ¢,,0,¢, equalto A, which represents the angle of inclination
of the axis of rotation of the Earth on the Earth-Sun radius vector, which varies
with the position of the Earth in its orbit around the Sun, and A, is the tilt of the
rotation axis of the Earth with respect to the ecliptic plane, it is equal to 23.4°.
The curvilinear unit vectors e,,e, and e, are written according to e,e,

and e; (Figure 5) as follows:

NORTH
- s
-
7~ N
d el - \
/ €6 '\
! Earth \
! \
! EQUATOR #) , €2
‘ A P
\ S '
I /
\ b p
\ /
/
/
/ ’
el _ ™

e4 Direction of Sun

Figure 5. Spherical coordinates of the Earth.

e =e sing-cosf+e, -sing-sinf+e; -cos¢g

e, =¢ -cosp-cosf+e,-cosg-sinfd—e;-sing

e, =—e -sinf+e,-cost (4)
e, =e cosA, —e -sink,

With A, = arcsin(sin 4, -cos 1)

The calculation of the reaction energy between the gravitational field of the Sun
and the Earth’s elemental rotating masses AM _ with coordinate function
r,$,0 and A will be along the radius vector e,. For this reason, I need to cal-

culate the projections along e, ofthespeed v,  =r-sing-@,,, (speedofthe

planet

Earth around its axis) and the infinitesimal path d# , , =7 -sing-dé (working

‘planet
of the gravitational force).
and dh

v,, and dh,,) created by the inclination of the Earth’s axis of rotation with the

I also need to define the projection of v along e, (or here:

planet ‘planet

ecliptic that varies with A (the position of the Earth in its solar orbit). This calcu-
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and dh defined in

the spherical coordinate system based on unit vectors e,e, and e,, onto the

lation is relatively simple, because we can project v

planet ‘planet

vector e, axis connecting the Sun to the Earth. Finally, the unit vector e, is
given by the following relationships:

7

Ves = m -sing-w,, - [— sin@ - cos (arcsin (sin 4, -cos A))J (5)

r-sin ¢

dh,, = m~[—sin0 . cos(arcsin(sin A, -cos /1))] -dé (6)

Here Q, (Figure 6) (cb for celestial bodies, 0, isequalto A (23.4°) for

the Earth (for more information see [5] [9].

orbital inclinaison

Figure 6. Definition of the angle Q.

I can now write the relation of the reaction energy dW between the mass of
the Sun (M
v,, along the Earth-Sun axis on the infinitesimal distance d#,,, defined by (3),
(5) and (6) as:

), and the infinitesimal rotating masses dm moving with speed

sun

1 dh
AW =G-M,, —————.dm @)
1— Q earthsun
c

Equation (7) is the classic relationship describing the action of the gravitational
strength of the sun on the dm elementary masses of the Techtronic plate of the
earth. I note that when rotation speed is null, this energy becomes equivalent to
Newton’s classical work on forces, i.e, rotation of the mass dm around the ter-
restrial axis. In this case, the total force will be very low and only a solar tide effect
will be felt on Earth. I can easily verify that this energy (solar tide effect) is much
lower than the energy induced by the speed v,,, and for this reason I do not take
it into account in this study. Next, I integrate and develop (7) between the limits:
R, and R, for the variation of r (see Figure 7), ¢(latitude) and
¢(latitude)+ A for the variation of the latitude and, 0 at 2rt for 6 where:

J-Ozn J-Z(/anmde))m(p I:TZG'MW,' | & “dm

latitude
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M Contlnental crust \;" " ' Continenta]

Jﬁt}fosphere

Figure 7. Structure of oceanic and continental lithosphere plates.

Asthe v, /c ratio is very small compared with unity. I can replace

1/ 1-Yet by 1418 Then I can write:
c 2 ¢

O Nt [[ G5+ SO T

aitude) Rearthsun 2c
The indefinite integral of (8) is derived from the fact that the speed v, and
dh,, are functions of both the angle of rotation #and dé. Solving (8) allows us to
write the following relation for the total reaction energy /., along vector e,

(on the Sun-Earth axis):

r-sing
T A A~ 2 o .
.[ZNJ- (latitude)+Ap G M, F(r) 1+62.3-sinQ,, : r?sing ,u(r) dr-dg-d6 (9)
(latitude) [Ro-(l—ex-cos/l)] 1+62.3-sinQ,,

With F(r,..) which represents the value obtained by the resolution of the in-
definite integral located in the relationship (8) above equal to
F (r,..) = cos (arcsin (sin 4, - cos 1)) cos &
r

N 1+62.3-5inQ
2c

-sing- @,

cos (arcsin (sin 4, - cos ﬂ))2 _ (g B sin42¢9j L

In this relation, A

S

represents the inclination of the axis of the Earth’s rotation
with respect to the ecliptic (for the Earth this is equal to 23.4°), @, represents
the Earth’s rotational speed in rad/s, Q, is defined above and in the case of the

Earth is equal to A (23.4°). The term A6 represents the angular dimension of

the Earth’s mass considered in (9), which is also part of (2—0) of the Earth’s
T

rotating ring of total value 2m (following the integration of 0 at 2mon ), A is
the angle traveled by the Earth around the Sun, ranging from 0 at perigee to m at
apogee and Ct is one pseudo-constant of integration introduced in the calcula-
tion of the indefinite integral (see (8)) function of 6.

It is interesting to note that F' (r, ) has two components; the first is the action

defined purely by the Newtonian gravitational field independent of the rotation
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of the Earth; and the second is a function of the Earth’s speed of rotation. The

calculation of Ct is relatively simple; indeed, its derivative according to the
angle @ isnull, and it only depends on the latitude represented by [g - ¢j , F
and A.Since r isthe thickness of the asthenosphere (considered here to be the
limit of heat conductivity of the upper mantle as a working hypothesis) and 4
depends on the Earth’s rotation around the Sun, the latitude (g - ¢j is the only
variable in the calculation.

In order to calculate Ct,Ineed to define a function Cr(¢) (¢ is defined in

Figure 4). This function is relatively easy to find and takes the following empirical

form:
-
Ct(¢)=a-sin n—~b +c (10)
2‘4

(g - ¢j represents the latitude of the point in question, and the coefficients a, b

and care determined by the same heat flow calculations found in [10]. In my ap-
plication, coefficients have the following values: a = -8.3x10™° 5 =227
c=1x107".

Ct(¢) can then be determined empirically, leaving the coefficients defined

above to vary on a case-by-case basis. It is clear that it can be reformulated as:

p 2
i)
Ct(¢)=-8.3x10""sin| ~——=—-2.27 |+1x10” (11)
T
ﬂ"

At this stage of my calculations, I can define the projection of the forces on the

curvilinear unit vectors e,,e, and e,, in order to write W,,/¥, and WW,.Inote

that the direction of these energies (of the work of the forces ) is westward for e,,
northward for e, and from the center of the Earth to e, . In equation 9, F(r,..)

becomes:
F, =[sing-sin 4, -cos A +cos 0 - cos ¢ - cos (arcsin (sin 4, -cos 1)) |- F (r,..)

F, =—sin-cos(arcsin(sin 2, -cos 1))- F (r,..)
F, = cos 0-sin ¢-cos arcsin (sin 4, -cos 1)) —cos g -sin A, -cos A |- F (r,..)

Finally, substituting the value of F(r,..) in (9) I obtain:
r-sing

W :I2nj¢(latitude)+A¢jR2A_0.G.M F (r ) m rzsin¢-lu(r) drd¢d0
0 0 ¢(latitude) R 21-[ sun 0 > |:R (l_e 'COS&)]Z 1+62.3’SinQCh
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Wo=1 T

7= 1 T

7-sing
S A A~ 2 o
#(latitude) +A¢J-]:22_i G-M, -F ( ) 1+62.3-sinQ2, i 11" 6S;n3¢ ,U(;;) -dr-d¢-do
[Ro (1—e, ~cos/1)] +62.3-sm82, (12)
. resing
latltude +A(pJAR2 A@ M F( ) 1+62.3~Sichb }"Z Sin¢'/—l(}") drd¢d0

T I (R, (1—c, -cos 2)] 1+6235inQ,

The term p(r) represents the density of the elementary mass dm that is a
function of its coordinates. Although the density varies from one point to another
depending on r,0 and ¢, in order to simplify the calculation, I consider the
Earth as concentric from the point of view of density and write () in the form

of a polynomial as follows:

kg

m m

3 2
p(r)=| —4.9553x107 | = | +7.3899x107-| = | —0.0372-| = |+67525.59 (13)
m m m

If the average density of the point in question is accurately known, it is sufficient
I
obtain the following graph; Figure 8, where udata, is density data derived from

to substitute x(r) by its new value. As r varies from 4.5 x 10° m to 7,

earth

the propagation velocities of acoustic waves in the Earth, u(r) idem g and

r the radius where:

6x10° T T T T

5x10°
pdata,
s 4x103F
W

3x10°

Value of the density (kg/m?)

2%103 1 1 1 1
4x10¢ 4.5x10° 5x10° 5.5x10° 6x10° 6.5x10°
T,

radius from center of Earth in meter

Figure 8. Density of the Earth’s layer.

The Earth has two types of lithospheres: the oceanic lithosphere is about 10km
thick and is composed of basalt with a density of about 3.3 x 10° kg/m?, while the
continental lithosphere is much more heterogeneous, it can be lower in density
and is 30 - 100 km thick. For the most realistic results, I will consider it in the

following.

4. Applications and Discussion of the Theoretical Results to
Reduced Heat Flow

Relationship between W and Reduced Heat Flux

I assume that the mantle and crust heat flux is proportional to the average surface
heat flux. [11] argued that mantle heat flux represents 40% of the regional average

surface heat flux. Despite the fact that their measures were based on a small dataset,
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I consider here that they are valid up to a minimum scale of about 300 km [12].
Average heat flux data suggest an empirical relationship of the form
0=0,+b-H.

For the purposes of this study, I redefine the relationship as follows:

0=0,+b-H+q, (14)

where O represents average heat flux across the designated areaand H is heat
production, Q_o is average reduced heat flux, b represents the thickness of a
shallow layer enriched by radiogenic elements, while ¢, depends on latitude and
its value of around 12 mW/m? is in direct relation with Cz(¢), which is defined
above. Equation (14) reflects changes in average heat flux on a larger scale (>200
km) and is based on a very large dataset. It implies that reduced heat flux Q_o is
the same at a certain depth and latitude of the crust in all areas. The assumed value
Q is clearly shown in (9), which expresses the gravitational action of the Sun on
the moving masses of the Earth. This data can be checked against the O, data
provided in Table 1 (below), from the study by [13].

Table 1. Reduced heat flux for the linear data fit of individual areas.

N Terrai Reduced Heat Flow Latitud Ref
tit
errain mW/m? (0, data ) atitude eferences
1 Baltic Shield 24 66 N Balling, 1995 [14]
. Vitorello et al, 1980
2 Brazil Coastal 43.152 258§ [15]
McL t al., 2001
3 Central Australia 48.8 23S ¢ arer[llz]a
Eastern USA
4 . 26.961 40N Roy et al, 1968 [17]
Phanerozoic
Eastern USA
5 K 26.524 41 N Roy et al, 1968 [17]
Proterozoic
. Kukkonen et al, 2001
6 Fennoscandia 23.5 54 N
(18]
. Hydman et al, 1979
7 Maritime 34.54 30N
[19]
. Costain et al., 1986
8 Piedmont 28.61 37N
[20]
9 Ukraine 24.32 49N kutas, 1984 [21]
. Decker et al., 1988
10 Wyoming 26.25 42N
[22]
11 Yilgarn 33.334 328 Jaeger, 1970 [23]

To compare equation (9) (heat production @, due to the gravitational action
of the Sun on the Earth, # ) with Q, data (reduced heat flux, Table 1), I must
extend (9) in order to calculate heat flux up to depths of the order of 660 km for
the whole of lithosphere and asthenosphere, and the upper mantel. The calcula-
tion of heat flow and heat production is based on a 1m? column that is approxi-
mately 660 km deep. In this area, most heat transfer occurs through thermal con-

duction, and I can assume that the heat produced as a result of the gravitational
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IVE ,A¢=0mmmm%+ﬁ% or ¢(latitude) =n

effect of the Sun is equal across wide areas and therefore comparable to the re-
duced heat flow O, shown in (14). Heat propagation is weakest in the lower
mantle; it is no longer completely the result of thermal conduction but varies ac-
cording to the geography of the area and is comparable to heat production H
shown in (14).

Reduced heat flow (Q, ) in the 660 km-deep lithosphere asthenosphere and the
upper mantel is calculated by applying (9) (W ). However, this relation represents
only one 24-hour rotation of the Earth and relies on a defined value for the posi-
tion of the Earth (1) around the Sun. It is not, therefore, a weighted average over
an entire year. To find the weighted yearly average, I must integrate (9) at angle
A from 0 to 2w as follows:

1 365 (2
vl

W,=Q, = w.da (15)

T,

earthsun

In (15), W, represents the heat energy produced all the year in the elementary

t

volume measured in watts per square meter. 7,

earthsun

represents the time for one
revolution of the Earth around the Sun.

There are several rheological models of the continental lithosphere [24] [25]. In
broad terms, I consider the lithosphere (including the crust) as a rigid material
about 100 km deep that responds to tectonic forces. It sits on top of the ductile
upper mantle and of the transition zone that are approximately 560 km deep,
where heat is exchanged with the solar gravitational reaction. Consequently, the
limits of the integration of (9) for the calculation of reduced heat flow Q, are as
follows: R =R, ., —660km and R, =R

earth earth

—100km and the limits of integra-
tion of (12) for the calculation of tectonic forces and the strain rate are: R, =R
and R =R, —100km.
The following calculates the heat flow for A¢ and A& (of alength of 1 m):
90 — latitude
180

earth

1m

e

Vg~ SIDL (¢ (latitude))

The application of (15) leads to the following reduced heat flow (Q, = Calculus
and Q, data =data ) Graph.

0.05
k:
g
é Data 0.04r .
= SHEHD
g Calculus,
< BEE  0.03F -
Q
=
<
[0}
~

0.02

20 70

Latitude,

Figure 9. Application of W, in regards of the data Q.
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It is interesting to note that Figure 9 shows that reduced heat flow
O, =Calculus decreases at higher latitudes. This is not unusual, and several other
authors have noted the phenomenon. For example, Figure 10 shows the results
from a study of the north-northwest of Western Australia (Perth Basin) carried
out by the company [26]. For further discussion of the reduced heat flow problem
see [10].

Linear regression Conditional expectation q-q quantile curve

135
T

120

Heat_flow mW_m?

Figure 10. Heat flows in mW per m? for y axis and latitude for x axis.

5. Applications and Discussion of the Theoretical Results to
the Movements of Tectonic Plates

5.1. Viscous behavior of the Earth’s Mantle

The action of Sun on the production of heat in the Earth is directly related to the
movement of the continental and oceanic plates. I use the heat flow relationships
defined above in my new concept of the movement of the tectonics plates. Here I
only discuss the action of the Sun on the moving masses of the Earth and neglect
the relatively small contribution of the planets and the Moon. To apply (12) to
plate tectonics, I must find the relation between the strain rate and tensile energy
of the rigid lithosphere. The laws of viscosity allow us to write the following equa-
tion:
given the constraint (Pa) = viscosity (Pa-s) X strain rate (s™)

for example, when the pressure from the plate subduction process gives rise to
a viscosity. The viscous resistance of the mantle due to plate movements is given
by:
de

o=n- dtv (16)

In this equation, o represents the constraint in Pa, 7 is viscosity measured

gV

in Pa-s and is the viscous strain rate measured in s™'. The constraint o is

similar to the pressure P of plate subduction over the mantle and I can therefore
assimilate P as o . For example, viscosity 7 will be in the order of
n = a-p-AT-g-e-d

~10% Pa-s, given a subducting plate with thickness e= 100
v
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km, upper mantle thickness d= 700 km, speed v equal to 5cm/year,
AT ~20K , « (coefficient of thermic expansion) equal to 5 x 107° K™},
p =3000 kg/m3 and g=10m-s™.

More accurate calculations lead to depth-dependent values for the viscosity of
the upper mantle, in particular the lithosphere (excluding the crust) of 2 x 10%° to
10%* Pa-s [27]. Here, I take an average value of 1 x 10** Pa-s. However, simplifica-
tion is required, in order to move a plate, the pressure must be at least equal to the
resistance due to the viscosity 77 of the upper mantle. To complete (16), which
defines the Newtonian viscous behavior, I must also take into account elastic solid

behavior together with &, the elastic deformation, ie., the following pair of

equations:
de,
T
o~FE- ¢ (17)
g =6+¢,

From (17) I can easily deduce the following relationship:

de, 1{0’ do dE 0':|
—_— —+

"Elr, A&t dt E

(18)
&t E |7,

de
The ratio d—’ represents the total strain rate, E is the elastic modulus in Pa
t

(similar to Young’s modulus) and 7, is Maxwell’s relaxation time, equal to %

The elastic modulus £ and the viscous resistance o are equivalent to pressure
forces. In order to apply this to plate movements, I must find a correspondence
between these two entities and the dissipated energy responsible for lithospheric

movements. One close constant is:

coclW, and ExcW, (19)

In this equation, W_ represents the energy necessary to maintain constant
motion of the plate, this is a kinetic energy. W, represents the energy required to
overcome the viscous forces between the lithosphere and the asthenosphere in the
upper mantle of the earth. The pressures P, and B, in the energy function can
be written as follows:
P =WU'L%O' and RI(E)zWU-LzE.
d-S d-S

Without changing the meaning of (18), for a known displacement d and sur-

face S, o canbereplaced by W, ,and E can be replaced by W, , which be-

comes:

t

de, 1 (w, dw_ dW, w

—t . 4+ —c (20)
a W,

The solution of (20) is relatively easy to find using &, as the coefficient of de-

formation:
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(21)

2+ —
T

m

This relation gives the kinetic energy W, needed to maintain the movement
of the plate as a function of the total energy #, applied to it. Most of the energy
W, cancels the forces resulting from the viscosity of the asthenosphere.

The relaxation time of the plate-mantle system is of the order of a million years,
and it is important in the calculation of plate speed, where 7, is much smaller
than 7, T predominates. T represents the orogenic (or tectonic) cycle, and

it is the current age of the Earth ¢, =4.5x10’ years (generally written as

earth

t
450 x 10° years or ‘1"8”) T takesthevalue ¢, +t where ¢ varies (here ¢

is the variable time) from 0 to 7

"o (24h). Finally, I obtain the simple relation-
ship W_:

—_— 22
‘ o 2+ teurth +1 ( )
T

m

Obviously, ¢ is much smaller than ¢, , isalmost neglible in (22); however,
it is important at the time of the early formation of the Earth and the transfor-

mation of Pangea.

5.2. Calculation of the Strain Coefficient and Strain Rate of the
Lithosphere

As stated above, W

o

1
is the kinetic energy of the plate (W, ~ EAM -v?), which

allows us to formulate the lateral and vertical velocities in the three directions
in (22) by W_,W, and W, in (12). Similarly,

for speed v, towards the west (or east), v, to the north (or south), and speed

e,,e, and e;.Ican replace W,

n

v, toward (or away from) the center of the Earth, I can write equivalent equations

with the same form as (12). The kinetic energy is given by:

2 [Twgeaz
2 + tearth +1 27[ 0
T,
Ve = A0 (g(latitude)+Ad +Ry (23)
J‘ J. latttude J‘ Ry Sln¢ ’u( ) dr d¢d9
%'59, L 02"% .da
2 4 learn T 2n
Tm@
V'9 A6 Iatttude +A¢ R, 5 . (24)
j J. (latitude) .[Rl r 51n¢ﬂ(r)dl’d¢d0
2 ‘g, .L.JQ“WV .da
D 4 learth 7 tearth +1 2w 70
T
V" AO lutttude +A;"" Ry 2 (25)
j J latltude J.RI Sln¢ /J( ) drd¢d0
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(modification for the relationship (23), read 7., instead of 7,,)
In these equations &,,,¢,,,&, represent the strain coefficients for the three di-

rections e,,e, and e (seeFigure 5)and ¢ represent the relaxation

0> T T
time for the same orientations. The denominators if1 equations 23, 24 and 25 rep-
resent the portion of mass AM of the plate in question. In order to simplify
these equations, the energies , and W, are applied between the lithosphere,
which has viscosity 7 and is 100 km thick (including the rigid crust) and the
ductile asthenosphere in the upper mantle that is 550 km thick (Figure 7).

As Global Positioning System (GPS) measurements of plate speed are relatively

accurate, I take them as my reference for calculating the coefficients of defor-

mations &,&,,¢, - It is then simple to solve equations 23, 24, and 25 and to cal-
culate these variables ¢,¢,,¢, . I have along of ¢, (Figure 4):
_ A0 ¢ (latitude)+Ad ¢ Ry 2
J. J. (latitude) J.R| -sin ¢ 'Ll( ) dr- d¢ -do

‘|-¢(/zzr1rude)+A¢

1 2n 77
Wg = 'J.O Wg +d4 and T = ( H(latitude) J- dr- d¢) VH

" 2n W,

Note that I use the weighted annual average energy for the period =7, , or
24 hours (a full rotation of the Earth).
In the expression of 7, the part 7, represents
m H(latitude)+A¢ dr-d
(.[¢(lamude) I r ¢) Vol

the lateral pressure exerted on the plate with mass AM , moving at speed v,

and displacement v,-¢ where ¢ rangesfromOto 7, with coordinates

earth

latitude, A¢,AO, R, R,, R, (see equation 19 and following), (without the index ¢

for total,) the total deformation coefficients &, become either:

%vg-AM (2+ e”"h”]

Tm
E, =
4 Wg
(26)
:l-v;-AM foarn +1 1 i
2 ¢(lutttude)+A¢ w
g (Lt(latttude) J. -dr- d¢) Vo~ t ¢
Iatlrude V+Ag
If Ireplace @ by ¢ or r and the full surface J' e J. -dr-d¢ in

equations (26) and following by those dependenton ¢,0 or r (corresponding
to the direction of movement: westward, northward or vertical), I can calculate
the three strain coefficients ¢,,¢&,,¢, . The calculation of the derivative of &,

. . . . de . .
with respect to time ¢ gives us the strain rate d—" or, if I consider W, as
t

weakly dependent on time ¢:

%:l-vjAM Leart 1 (27)
dr ) n (J~¢(lamude)+A¢J- dr- d¢) v,- P

¢(lantude)

In (26) and (27) the reference speeds Vy>Vp,V, come from experimental GPS
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data.
Given these values for the strain coefficient and strain rate, I can verify the ac-
curacy of my results with experimental GPS velocity measurements (either abso-
lute or with reference to a hot spot) of the Pacific (PA), Eurasia Union (EU), North
America (NA), Australian (AU) and South American (SA) plates. Obviously, it is
possible to reverse the calculation and calculate strain coefficients, strain rate
4, a5, de

I

dr * de ~ de

45,6958, and , knowing the latitude, density and the absolute

GPS speed.
GPS measurements are sufficiently reliable ([28]; NASA GPS Time Series data
in the IGS88 reference frame) to highlight an interesting property for the pairs

de; de, de

TpgsTugs Ty aDd —2,—2 —C where:
dt dr dt
dg, de,

de
s ‘T, = constant, me 4 = constant and d—t’-rmr = constant

I will see later how to calculate these constants, which I call %,,k, and &,
and which are useful for the speed calculation of plates, with the relationships (23
to 25).

5.3. Application to Strain Coefficients and Strain Rate

First, I define the notion of the tectonic plate that is used in the following calcula-
tions. In general, the size of a plate is established by its coordinates r,¢ and 6.
Length is measured by longitude, width depends on » and ¢ measured by lat-
itude and thickness is a function of R, and R, measured along the Earth’s ra-

dius (Figure 7). Figure 11 is a simple representation of a plate:

Figure 11. Tectonic plate.

Plates move in three directions, along axes ¢,,¢,,e, . Several studies of the as-
thenosphere have shown that the resultant plate velocity is along an axis from east
to west [7] [29]-[36]. Thus, the forces exerted by the action of the Sun on the plate
masses AM depend on their position A& on the plate and masses AM will be
subject to the sum of the pressures exerted by the masses which precedes it from
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east to west. Thus, points further west and closer to the equator will experience more
stress than those lying to the east and further away from the equator. However, as
plates are surrounded by other plates, they are likely to be subject to additional stress
from both their neighbors and the Earth’s internal activity. The overall direction of
movement will be from the west and north (the lateral surface of the Earth’s move-
ment) and vertically along the Earth’s radius. If I apply the results obtained above

by considering the term Wi of (26) to be negligible, and mass AM asequal to:
(4

_ AO ¢(latitude)+A¢ R, 5 . . _
AM = IO J;(Mmde) IRI r?-sing-pu(r)-dr-d¢-d@ with ¢, .. =t,, Ican
write the following equation for the strain coefficient and strain rate:
1 Lo T1 1
& = E ’ V; AM ear;}; ' H(latitude)+A¢ ¢ Ry (28)
(J‘qﬁ(latitude) -[Rl r dr ’ d¢) ’ V‘g g

d
With aggz—%" where ¢ isequalto 7,

earth *

I note that in (28), only the

value @ of the longitude (in the expression of mass AM ) provides a consistent

de,
change in the calculation of &, and d_ta . Thus, in the equation for the mass

AM,A0 is calculated using the longitude of the most eastern plate border as fol-
lows (Figure 12):

longitude boundary

Figure 12. Calculation of A#.

With lithospheric viscosity 7 equal to 10** Pa-s along the east-west axis e,

(see Figure 4), I can draw the following graph for the Pacific plate (PA):

8 —-1x107° T T T T %1071 B
= A
e,

4 - 8
= —2x10° pr107 o
= =
- —Ux10 i
8 e0ti) —3x10°F (1 € H(t,i)j =
g oee px1o 3
L‘;) o
g — -9 |- =
o a0 o E
S <
Z =5x107 L L LB L %1071 %

-60 —40 =20 0 20 4b
latitude,
SOUTH NORTH

Figure 13. Strain rate and strain coefficient for PA plate.
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I used data from GPS velocities to the east and north [28] to plot this curve
using the ITRF2000 terrestrial reference system, which is comparable to the
de, (1,0)

dt

ITRF2005 NNR-NUVEL-1A system. represents the strain rate, and

&, is the strain coefficient. Obviously, I can do the same calculation along the
direction of e, and e, (see Figure 4) to obtain the three components of the
strain rate and strain coefficient for the point in question. I can also represent the

graph shown in Figure 13 for the PA plate as a function of the longitude, and I

obtain:
—1x107° T T T gix10”
= —
%. | _14 %
p - 2107 P10 4
o
B 07 2
= a Y
£ =0t -3a07"F [ase(t,ﬂ] o
o= —14
% —3=10 M %
o 1
E — d=10 —len'“ E
[r] [£r]
-9 ¢ ~14
— 510 10
" 140 160 180 200 25
Iongituds;
WEST EST

Figure 14. Strain rate and stain coefficient for PA plate.

Again, using the PA plate I can verify the validity of the fundamental relation-

. de . .
ship —%-7,, ~ constant =k, and, with the expression of 7,, Ihave:
dr

. :i.(

= .|-¢(1aritud€)+A¢J‘1j2 rdr- d¢) V-t (29)
0

¢(latitude) R

This expression, which has been explained above (see also equations 18 and 19).
Following the graph of £, for the PA plate with the GPS data shown in Figure
13 and Figure 14:

0 T T T
tm6,dg; =5 A 7
ko, %,' - i
15 1 L 1
140 160 180 200 220

longitude,

Figure 15. Expression of the constant &, for the PA plate.

k, (see Figure 15) takes the value approximatly equal to: 7.54, and I can sim-
plify the equations for the speed of plates (23, 24, 25) taking into account the lon-
gitude of the eastern border (or the latitude of the southern border) of the plate in

question with the calculation of A@ or A¢ (see Figure 12) as follows:
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) ”ﬂ 1 . J Wé-di
V¢ A0 (latitude +A;ea}1t?]; 2n + vref (3 O)
J. -.‘ (latitude) '.'RI 2 Sln ¢ ‘u( ) dr ’ d¢ : da

In this relation ¢, is24h (the time for one rotation of the Earth),?,,, isthe

earth
orogenic time defined above and Vs IS a dependent additive speed reference
from GPS measurements. k, can be calculated from a single GPS speed meas-
urement (7, ), taken in a stable zone of the tectonic plate. Applying (30) I can
write:

_1 1 Z atitude )+
Y=g W, (Tth] ars IMI ,::udde Mﬁz Pesing-p(r)-dr-dg-do  (31)

5.4. Application of Strain Rate to Calculate the Viscosity of the
Asthenosphere

Given GPS speed measurements, I can also calculate the viscosity of the astheno-

sphere. The principle of laminar flow at low speed gives the graph (Figure 16):

AR Lithosphere
V

LP — |

R2

|

i Asthenosphere

Cr e ]

R3

P
o

1

Figure 16. Laminar flow.

Given a constant force F',I can write the following:

dv
F= s
nasthe dh
with S = j”j ;“;’;“;“A‘”Rj-sin¢-d¢-d9 (32)
and dv_ PAy P, A
dh T, Ar

Earthsun

Finally, given (17) and (29) and with 7 as the viscosity of the lithosphere, I
obtain the following:

d&‘e (Iatltude)+A¢-[ dr- d¢
n _ dr H(latitude) (33)
asthe AO latztude +A¢ 2 . PAl 1 1
j f R?-sing-dg-dg.— . —
(Jaritude) T, Earthsun AR

In(33) AR=R,—-R,, R, represents the distance between the boundary of the

lithosphere and a given point in the asthenosphere, R, represents the thickness

DOI: 10.4236/jmp.2025.1610074 1576 Journal of Modern Physics


https://doi.org/10.4236/jmp.2025.1610074

A. C. Elbeze

of the lithosphere. R, is comparable to the radius of the Earth (7, , see Figure
7). PA;, represents the movement of a GPS position of the PA plate in one year

PA
[28] based on the parameters of the point in question (r,¢ and 8). B s

earthsun

the speed, where T, is the time for one revolution of the Earth around the
Sun. From (40) and assuming that the distance between the bottom of the litho-
sphere and the asthenosphere ranges from 10 to 2000 km I can draw the following
graph with the viscosity of 77, 0.0 1D Pa-s (Figure 17):

120
130

170 |

500
620

(w1} Lpdag

1000
2000

1920 2122 23 24 Log ()

Figure 17. Viscosity (Pas) of the upper mantle dashed line [27].

I can then develop (30). And by replacing % defined in (28) I obtain the

following:

L et 0

nasthe = ¢(latitude)+Ap
atitu e + ) .
.[ Iatztude R2 -Sin ¢ ' d¢
This can be simplified as follows, where =7, , =24h:
tea ih " Mearin 0415(R3 _Rz)(R; _Rﬁ)
na\'the = - 2 o 2 (34)
A T;arth 6 ’ RZ

This equation does not depend on latitude and longitude. Therefore, the vis-
cosity of the upper mantle of the Earth should be constant for a given depth and
for probably old and stable plates. In these calculations I assume:

R = R, =

earth>

fws —120km and R, — R, =AR and ., =5.5x10kg-m™

This does not take into account the Earth’s internal forces, or the action of the
planets and the Moon, which together make up less than 2% of the total action of
the Sun [10]. Nevertheless, together they may make plate movements more com-

plex and further work will be needed to fully understand their contribution.

5.5. Application to Lithosphere Movements

In the preceding section I examined the known speed of plates determined by GPS

measurements on the ground. These sources are fairly reliable and are based on
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international ITRF 2000 and I'TRF 2005 systems and the NASA Time Series GPS
data in the IGS88 reference frame. In the following, I apply my results to the cal-
culation of the speed of plates over the asthenosphere and show that my theoreti-
cal results correspond well to GPS data.

The Earth is subject to Newton gravitation from the Sun, Moon and other ce-
lestial bodies. The Sun and the Moon are the nearest and dominant masses, and
they exert a force on all infinitesimal terrestrial masses dm . These forces are
largely balanced by centrifugal forces due to rotation around a common center of
mass for the Earth-Sun and Earth-Moon pairs. I know that lunar and solar tides
(relatively lower than that of the moon), deform the surface of the Earth and they
generate around 0.1 TW of energy, which is relatively low compared to the 47 TW
of terrestrial heat flow.

In the first part of this article, I showed that there was another force acting on
infinitesimal masses dm and that this force depends on the speed of rotation of
the Earth without any centrifugal (or other) compensation. From the calculation
of the instantaneous energy in (11) and (12) I see that it is much higher than that
of Newton gravitation, and the action of the Sun is greater than that of the Moon
and planets combined. Nevertheless, the action of the Moon and other planets on
plate movements is not negligible (about 2% of the total energy), and this force
could be the subject of further work.

According to (9) and (15), during a complete rotation, the total energy W ab-
sorbed by the Earth along the Sun-Earth axis takes the following values (for 6
from 0 to 2mand ¢ from O to m):

1 1

W= ["W-d2=5553 TW
T 2w *0

carth
The energy dissipated in the Earth far exceeds that of the lunar and solar tides. As
described above, I consider that the lithosphere is a rigid and deformable material
while the asthenosphere is a ductile material. Thus, in the ¢,,¢, and e, direc-
tions the energy W , will behave as the work of a force on a solid foundation for the
lithosphere, but be absorbed and converted into heat in the asthenosphere. Alt-
hough this is a simplified model, it nevertheless allows a first degree of approxima-
tion and a credible solution. I applied my results to the PA, NA, AU, SA and EU
plates in the international terrestrial reference frames ITRF 2000 and ITRF 2005,
based on measurements from GPS stations ([28]; NASA GPS Time Series data in
the IGS88 reference frame). In my model, the forces applied to a particular litho-
sphere plate depend on the latitude, longitude and distance » to the center of the
Earth from the point in question. The values of A and A¢ thatare used in the
calculation of the strain rate and plate speed must be set as accurately as possible.
As explained above, these forces depend on the eastern (for A@ ) and southern
(for Ag¢) plate boundaries. The following is an example of data for the PA plate:
90 — latitude
180
—100 km and AG,A¢

¢(lalitude) =7 and

Rl = Rearth and RZ = Rearth
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Next, I apply (30) for westward speeds, replace € by ¢ and the full surface

¢(Iatitude)+A¢ Ry A0 Ry .
L(Zaﬂmdg) IR] r-dr-d¢ by IO .[R, r-dr-dé, which represents the external sur-

face subject to pressure toward the north in Equation (26) and following, I obtain
Figure 18(a), Figure 18(b), Figures 19(a)-(c) for the PA plate:

o 80 T T T
<
=
g
g 70+ a
g
E Calculus,
o ¥ 60F :
£ GPS,
® oo
5 501- .
3
3
=
40
—60 40
latitude,
. (G)]
80 T T T T 7x10°
g <
£ 70 —26x10° H
-] =
E=3
£ GPs, 2
3 *2€ 60 —5%10° itearth, &
< Calculus, akk S
% ese k|
g so0F dax100 £
15 S
g %
40 el 1 1 1 3%109
-60 —40 -20 0 20 40

latitude,
(b)

Figure 18. Westward movement of the PA plate.

Figure 18(a) and Figure 18(b) show the westward speed of the PA plate. In this
case the results do not closely match GPS data. This is because westward speed is
not dependent on A@,unlike, A¢ which is north-dependent. However, Figure
18(b) shows the results if  hypothesize that orogenic time ¢

eart)

, Vvaries according
to longitude and latitude. This graph is very similar to GPS data. Figure 18(b)
deserves a thorough analysis as it shows that the age of the place where GPS lith-
osphere measurements are taken influences the calculation.

Although I could develop graphs based on longitude, it makes no difference to
the accuracy of my calculations. In either case the calculations towards the west
and north, k, and k, are equal to 7.544 (see Equation (41)).

Figure 19(a) shows Calculus of the speed northward, varying with the position
of the southern boundary of the PA plate located at an average latitude of 60°S,
which does not take into account the interpenetration of the AU and PA plates.
Figure 19(b) shows the influence of the AU plate on the southern border of the
PA plate, which is closer to GPS measurements. Figure 19(b) is an adjustment of
curve 19A, and Figure 19(c) is a modification of the masses of the moving portion
of the plate, which is a function of A¢ and A¢ and indicates that the action of
the AU plate on the PA plate is not uniform along their shared northern and
southern borders. It is likely that there is a mini-plate at latitudes of 19 - 25°S and
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longitudes of 160°E - 153°E. Given that the mass that creates energy W, =W, is
greater than the movement of the PA plate, it seems that some energy is trans-
ferred to another plate or to the formation of volcanoes and mountains. As not
all GPS data points are available, it is quite possible that this plate is much larger.
For longitudes 183°E to 160°W the masses creating energy W, =W, are lower
than the moving mass, indicating that there is energy input from another plate
or sources internal to the asthenosphere. Finally, for longitudes 150°E - 183°E
small masses create small energies W, =, . This data suggest that the AU plate
creates a discontinuity in the propagation of pressure from south to north in the
PA plate.

40, T T T

35 - %nﬁ\*ﬁ -

Movement of PA plate in mm/year
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Figure 19. (a) Movement of the PA plate with fixed boundary; (b) Movement of the PA
plate with modified Mass; (c) Plate PA, Mass that creates energy W, and Mass North-

ward.

DOI: 10.4236/jmp.2025.1610074 1580 Journal of Modern Physics


https://doi.org/10.4236/jmp.2025.1610074

A. C. Elbeze

A better comparison of the mutual action of the PA and AU plates is found by

plotting graphs for the AU plate.
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Figure 20. (a) Movement of the AU plate with fixed boundary latitude; (b) Movement of
the AU plate with modified Mass; (c) Plate AU, Mass that creates energy W,7 and mass

Northward.

I can compare the Figure 19(c) and Figure 20(c) to the interpretation given
above. If I compare the portion of the AU plate at longitude 150°E - 175°E with
the portion of the PA plate at the same longitude (Figure 19(c)), I see that they

are complementary; the PA plate has part of the energy of the AU plate and ener
p ry: p p gy p gy

is transmitted from the south of the PA plate.

Thus, the position of plate boundaries together with theoretical results (ad-

justed for orogenic or lithospheric age and mass) provides new information about
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the movements, stress and other activity of the lithosphere and upper mantle of
the Earth. Further, more detailed studies will be needed to fully analyze all the
results obtained.

The same calculations could be applied to the NA, EU and SA plates. I expect
to find similar, detailed results and rich predictive analyses.

Finally, I calculated the west and north speed, using the same projection of

energy W along the vector r.Using (30), and replacing # by r and the

¢(1mitude)+A¢J-R2 ¢(latitude +A¢p

surface 'f . r-dr-d¢ by J‘OML(IMW)) r*-sing-dg-d@ (this integral

H(latitude)
represents the output surface of the vertical pressure; Equation (26) and follow-
ing), to calculate the vertical velocity of the lithosphere, I have the following graph
(Figure 21):

Vertical Movement of the plate in mm/year
T

~Leo ~40 20 0 20 40

latitude,

Figure 21. Vertical movement of the PA plate.

This graph is obtained by considering the general equation (30) to be valid for
the calculation of the vertical velocity; I replace 6 by » Although £, is differ-
ent to the lateral velocity and equal to 0.002, it can be easily calculated from a
single, stable GPS measurement, in a stable place of tectonic plate (see equation
31). In this case, the gravitational pressure on the mass in question opposes the
vertical movement. Energy W, offsets this inverse gravitational energy and cre-

ates slight plate movement.

6. Conclusions

In this article, I have shown how the action of the Sun on the moving masses of
the Earth and the planets in the Solar System could give rise to two types of reac-
tions: warming by energy dissipation and tectonic plate movements. I first deter-
mined the reduced heat flow Q, (see Equation (14)) as energy dissipation W,

in the upper mantle. A constant C, represents g, , which is of the order of 12
mW/m? As this is very low compared to energy W,,W, and W, ,itis not thought
to be involved in plate movement calculations. Our reduced heat flow Q is
largely positive and corresponds to results from other authors [12]. The study of
reduced heat flow provided the conditions for the production of heat in environ-
ments such as the ductile asthenosphere and pressure in the rigid environment of
the lithosphere (comprising the crust). I note that the lithosphere is conducting
the heat generated within it as well as that produced in the asthenosphere through
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the dissipassions of the reaction energy W, and W, .1 defined four types of re-
action relationship; W, for heat and reduced heat flow calculations, W,,W, and

W, for general calculations of terrestrial heat and plate movements, strain rate and

de
strain coefficients, denoted " and ¢ respectively. This was made possible

by considering a symmetric relationship between viscous and elastic behavior (see
Equations (17) and (18)) in the upper mantle and the energy produced by the solar
reaction on the moving masses of the Earth (see Equation (9)). These equations
enabled us to make accurate calculations based on GPS velocities in the ITRF Ref-
erence Series 2000, 2005 and NASA data in the IGS88 system. I applied these re-
sults and calculated the weighted average viscosity of the asthenosphere. My con-
clusion was that viscosity (of the asthenosphere) was not dependent on location
but only the thickness of the lithosphere and the depth of the upper mantle (see
Equations (32)-(34)).

The important question relates to the dynamics of tectonic plates; specifically,
how to represent the kinetic energy of plate movements? I resolved this question
using the basic equation describing the behavior of the Earth’s mantle based on
W,,W, and W, and Equations (17)-(20). These equations made it possible to
define the relationship between the total energy of the reaction W,,W, and W,
(equivalent to /) and the kinetic energy of the plates ¥, in terms of an equiv-
alence Equation (22). These equivalences model the whole relationship and give
the speed of plates. In (30) k6 represents the product &, -7, , which can be cal-
culated from a GPS speed in a stable environment. The application of (30) allowed
us to calculate the speeds of the PA, NA, AU, EU and SA plates. In particular, I
provide a new analysis of the AU-PA inter-plate influences (Figure 19(c) and Fig-
ure 20(c)). Furthermore, the action of the Sun on the rotating masses of the plan-
ets and the Earth will lead to many more results that can be integrated into current
knowledge. Finally, my work shows that the Earth’s heat is not only due to internal
events, whether primitive or radioactive, but also depends on surrounding celes-

tial bodies, particularly the Sun.
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