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Abstract

Although Alfred Lothar Wegener proposed his continental drift hypothesis more than 100 years ago, there has
been constant contention regarding the driving source of plate motions. The current geodynamic theory is mainly
based on traditional mechanics. The crust is extremely thin in comparison to the earth’s radius, which may be
caused by a more complex mechanical system: the mechanics of shells. The mechanics of shells reveals the
mechanical effect of the tide-generating force on the earth’s crust. We present a formula that can be used to
calculate the membrane stress resulting from the fluctuation of the mantle tide wave in the crust and estimate its
magnitude. Although the tidal force is small, the membrane stress is high. Our investigation suggests that the
membrane stress is the fundamental reason for rifting and rupture processes at mid-ocean ridges. It is thus the
dynamic source for seafloor spreading and plate motion, which offers a reasonable interpretation of various
significant problems that are unexplained by mantle convection theory. And there must be the plate tectonics
affected by the tidal force is in the terrestrial planets or other celestial bodies.
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1. Introduction

Since Alfred Lothar Wegener proposed the continental drift hypothesis (Evans, 1923; Hallam, 1975; Jordan,
1974; Meinesz, 1947; Minster, Jordan, Molnar, & Haines, 1974; Mobus, 1982; Ranalli, 2000; Scoppola,
Boccaletti, Bevis, Carminati, & Doglioni, 2006), there has been disagreement regarding the formation
mechanism, evolution law and the driving forces behind plate motions. No current hypothesis regarding driving
mechanisms is proven or convincing (Bird, 1998; Conrad & Lithgow-Bertelloni, 2004; Forsyth & Uyeda, 1975;
Lithgowbertelloni & Richards, 1995; Person & Garven, 1994; Plattner, Malservisi, & Govers, 2009; Royden,
1993; Vandecar, James, & Assumpcao, 1995; Wahr et al., 2009).

The present geodynamic theory is mainly based on traditional mechanics. However, the relatively thin crust in
comparison to the earth’s radius may have more complex source mechanism, and classical theory might be
inapplicable here. Instead, the mechanics of shells and the effect of membrane stress(Belytschko, Stolarski, Liu,
Carpenter, & Ong, 1985; Bitbol, Peliti, & Fournier, 2011; Capovilla & Guven, 2002; Springer et al., 2010) on the
lithosphere system may cause a new revolution in geodynamics.

2. Data and Methods

After extensive investigation on the relation between 420747 Ms > 4 global earthquakes and solid earth tides,
earthquakes are concentrated around the 0°, 90°, 180° and 270° phases of the theoretical semidiurnal solid tide.
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Moreover we propose a new method for the short-term forecasting of earthquakes (Chen, Chen, & Xu, 2012) .

It’s found that Ms > 7 global earthquakes occur surrounding four earthquake-prone phases of the semidiurnal
solid tide(Chen et al., 2012), providing strong evidence that the lunar-solar tidal force is an important factor for
trigging earthquakes. As the origin times of earthquakes are controlled by the semidiurnal earth tides, and
earthquakes themselves are caused by crustal fractures and plate motions, there must be an inherent relation
between the tide-generating force and plate motions, which may provide insight into the driving forces of plate
motions.

To describe this relation, we used principles of thin-shell mechanics to analyze the dynamics and influence of the
tidal force on the crust. If there were no Moon or Sun, the earth would be stable due to gravity. However, the
tidal force produces additional stress within the earth (Figure 1A) (i.e., pressure Pm as mentioned in the
continuous incompressible elastic earth model proposed by Kelvin).

B Pm-The radial stress with the
A . . Lunisolar tidal force (according

tress that is suggested by
4| our opinions with regard
for (thin-shell theory)

The Earth crust which
N /' seemed as a thin shell
<= \Vfibration effect of tidal-generating force
— Plate movement

. Seafloor spreading

L

Deformed crl]st caused by effect of the tidal force

Figure 1. Driving forces of plate motions. (A) The lunisolar tidal force is an important factor for trigging
earthquakes, which are caused by crustal fractures and plate motions, indicating that there might be an inherent
relation between the tide-generating force and plate motions. (B) We propose that the radial stress causes the
membrane stress in the crust through the tide-generating force within the earth

As the crust is extremely thin in comparison to the radius of the earth, the crust can be considered a thin shell and
the theory of non-bending moment membrane stress (Belytschko et al., 1985; Bitbol et al., 2011; Capovilla &
Guven, 2002; Springer et al., 2010) can be used to analyze the mechanical effect of the tidal force. Under the
tidal force, the upward pressure Pm exerted by the viscoelastic mantle on the crust generates a horizontal
distending membrane stress within the crust (Figure 1B), similar to wind causing tension of a boat’s sail.
Although the tidal force is small, the membrane stress may be large.

Therefore, we combined Kelvin’s elastic earth model with thin-shell mechanics to establish a model of the tidal
force on the crust and derive a relevant formula.

If there were no Moon or Sun, the earth should be statically balanced. There would exist only a compressive
stress in the crust and earthquakes would not occur. However, the lunar and solar tidal forces cause additional
stress within the elastic earth. In the theory of Kelvin’s earth model, the earth is considered to be a continuous
incompressible elastic ball and the tidal stress on any Point A within it by tidal force should be

P=3 pV,(A)+X P,(A)

where
SV (4) = 5 pTyy (4) + pT (A)
2
S P (4)=-3 p2n~ +5n+3)u I,(4)
(2}12 +4n+3)u+npgR
where

T,(4) is the potential function of tidal force on Point A within the earth and 7'(4) is the additional
gravitational potential resultant from the earth’s deformation.

316



www.ccsenet.org/esr Earth Science Research Vol. 1, No. 2; 2012

n
T'y=x ¢ (’(If)j EnS ()

2n+1

In this formula, ¢ S, (A4) is the radial displacement of Point A, which can be calculated using

6,8, () =~ "N+ DR 7,04)
2[2n" +4n+3)u+npgRl(n-1)
Therefore:
2
ST (4)=¥ , 3np~Rg r(A4) n
2[2n” +4n+3)u+npgRl(n—-1) R
3np° R F(4)
XV (A) =2 pT,(A)+ X 5 [ 1" T,(4)
2[2n” +4n+3)u+npgRl(n-1) R
3np2Rg r(A) .n (2n2 +5n+3)pu
P=3 5 [T Ty (D + X pTy(A) -2 Ty (4)
2[(2n” +4n+3)u+npgRl(n-1) R 2n” +4n+3)u+npgR

When n=0 and n=1, P issmall. 7,(4) issmall when n>2.We set n=2 so that we can calculate it
approximately:

3p2Rg r(4).2 lpu
P=Z [ "I (A)+ X pT, (A) - 27
(u+2pgR) R Ou+2pgR

T,,(4) (1)
The tidal force potential function 7, (A4) on Point A caused by the moon is

T,(4) = %[r( )]ZP (cosZ

m)
"m

where P, (cos Z,,) and b, (cos Zg) are second-order Legendre polynomials. We conclude that

T,(4) =G

M3 (rZ(A))(?acoszZm —1) @)

21,

By substituting (2) into (1), the equation for the radial stress on Point A exerted by the lunar tidal force in terms
of zenith distance can be derived:

2

3 GM 21 GM

=P8 A UBeos” Zy, - ) +[ ”p} 2 (A)Gcos’ Z,, 1) A3)
(194+2pgR)R 2rm (19u+2pgR) 2rm

Likewise, the radial stress on Point A exerted by the solar tidal force in terms of zenith distance can be described

as:

2
3 GS 21 GS
ps=— P& 04 3e0s’Zy - 1) { ”p} 2 (4)Beos’Z, ~1) 4)
(194 +2pgR)R 2rg (191 +2pgR)

The coefficients are defined as follows:

2

. 3p°g GM [ _ 2pp }GM
M (19u+2pgR)R 27 m2 (194+2pgR) | 2,
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3p2g  GS 2up | GS
sl s2

e & | po e |8
(19u-+2pgR)R 27 (194-+2pgR) | 2]

The upward radial stress £, generated by the lunar tidal force on Point A in the mantle close to the surface can
be determined via

By =[C, " () +C, o (D)](Beos’Z,, 1) (5)

and the upward radial stress Fs generated by the solar tidal force on Point A in the mantle close to the surface
can be determined via

Py =[Cyr* (4)+ Cypr? () Beos?Zg - 1) (6)

where

Z,, s the zenith distance between Point A and the moon,

Z is the zenith distance between Point A and the sun,

r(A) is the distance between Point A and the earth’s core,
R is the average radius of the earth and for crust close to the surface, r(4) =R,
p s the average density of the earth,

G is the constant of universal gravitation,
M is the mass of the moon,

S is the mass of the sun,

g is the mean acceleration of gravity,

7y, 1s the distance between the centers of the moon and the earth,

rg is the distance between center of the solar and the earth,
4 is the average shear elasticity (rigidity modulus) of Kelvin’s elastic earth model.
Let

G =667259x10 1IN . m? / kg?
M =7.350x10"% kg,

§=1.989x10° kg,

1y = 3844x10° m,

rg = 1496><108m

p =5520kg / m3,
2=9.82m /sz,
R=6371x10>m

For the earth’s surface at a geocentric distance of r(4) =R,

Because the thickness of the crust is trivial in comparison to the radius of the earth, the crust can be considered a
thin shell, and thus the theory of non-bending moment membrane stress can be used to analyze the mechanical
effect of tidal forcing on the crust. That is, under the tidal force, the upward inner pressure £, exerted by the
viscoelastic mantle on the crust generates a horizontal extensional membrane stress within the solid crust (Figure
1B), similar to the tension of a sail caused by the wind.

According to membrane stress theory, the formulas for calculating the membrane stress on the thin shell of an
axially symmetric rotating ball under inner pressure should be
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1

=———["[R*sinZ, cos Z, x P, }dZ, )
tRsin’ Z, 0

O-Zm

7Zm T %m _ I

=m ®
R t
In (7) and (8),
¢t 1is the thickness of the crust,
O m is horizontal membrane stress in the direction of the zenith,
% om is horizontal membrane stress perpendicular to O
By substituting £, from (5) into (7),
C R +C R 7 3
O = — Iom[3sian cos” Z,, —sin Z,, cos Z,, 1dZ,, )
tsin” Z,,
By integrating (9), we obtain
5 3
C .R"+C_,R
2 4
Oy = ml — m2 (2cos” Z,, —3cos " Z,, +1) (10)
4tsin” Z,,
By substituting (10) into (8), and using P, from (5), we obtain
5 3 2 5 3
(C ,R"+C_~,R )3cos"Z,,—-1) C_ R +C _ ~R
S — m2 m_7_“ml M2 (3cos® 7, —3cos” Z, +1) (a1
m .2 m m
t 4tsin” Z,,
3p’e GM 2dup | GM
Where €, =——————3 m2 | P |3 (12)
(194 +2pgR)R 2r,, (19u+2pgR) | 21,

>

Equations (10) and (11) are the final formulas for the extensional membrane stress on Point A in the crust caused
by the lunar tidal forcing of the viscoelastic mantle, where O rm is the horizontal membrane stress in the
direction of the lunar zenith and %om is the horizontal membrane stress perpendicular to T rm-

Similarly, the extensional membrane stress on Point A in the crust caused by the viscoelastic mantle driven by
solar tidal forcing can be calculated via the following formulas:

C R +C R 5 A
o-Zsz—z(Zcos Zy—3cos Zg+1) (13)
4¢ sin Zg
(Cy R +C R 3eos” Zg 1) CyR>+C R 5 A
o = B) s -_S 5 S (2c0s” Zg —3cos” Zg +1) (14)
t 4tsin” Zg
3p2 GS

Where clzLj c :[p_ 21up }GS (15)

S Our2pgRR 27 2T 19u+2pR) 2]

In formulas (13) and (14),
Oy is the horizontal membrane stress in the direction of the solar zenith,
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Ty is the horizontal membrane stress in the direction of Ty
3. Results

Fig. 2 shows an earth model based on PREM. The magnitude of the shear modulus x is hypothesized to vary
from 1.0E10 to 5.0E11, and the crust membrane stress can be obtained from the above equations. From Figure 2,
we can see that when the crustal thickness is less than 10 km, a seemingly insignificant tidal force would cause a
horizontal tensile membrane stress within the crust, enabling tension fracturing (the tensile fracture strength for
rocks is approximately 4-6 MPa).

—_ A Membrane stress calculated by thin-shell — B Membrane stress calculated by thin-shell
S theory(for the 30Km thickness crust) g. theory(for the 20Km thickness crust)
14 <14
S12 a12

10 10
8 s 2 8 -
= =0.1E11 L =0.1E11
@ 6 =05E11 » © =0.5E11
24 -08E11 2 4 [ =0.8E1 1
L~~~ p0En § e
% 0 [ e —— _~/.”._:”=5'0E11 % 0 B=>.
= 0 45 90 135 180-135-90 45 O = 0 45 90 135 180-135 90 45 O

Zenith Distance Zm (degree ©) Zenith Distance Zm (degree °)
= C Membrane stress calculated by thin-shell = D Membrane stress calculated by thin-shell
é_ theory(for the 10Km thickness crust) g theory(for the 5Km thickness crust) =0.1E11
14 14
§ =0.1E11 § I _ =0.5E11
o 12 ) 12
10 10 =0.8E11
28 =0.5E11 28 |- 7~ _ p=1.0E11
=6 L . _ =0.8E11 = 6
< p=1.0E11
£ 4 o N S - c 4
£ — N p=5.0E11 £ 5 p=5.0E11
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§o Eo
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Zenith Distance Zm (degree®) Zenith Distance Zm (degree ©)

Figure 2. The membrane stresses on crust of various thicknesses are calculated using the thin-shell theory.
Although the tide-generating force is seemingly insignificant, the horizontal tensile membrane stress caused by
the solid tide in crust less than 10 km thick is powerful enough to cause tension fractures in rocks with strengths

up to 5 MPa.

4. Discussion

We believe that fracturing of crust less than 10 km thick will be intensified and spread farther with the continued
cyclic deformation caused by the tide-generating force. At mid-ocean ridges, lava is continuously erupted.
Although the lava solidifies when it meets sea water, the broken crust does not have enough time to solidify
completely due to the tensile effects of the semidiurnal solid tide. In other words, the crust has been ruptured
since the existence of the moon and will continue to be in the future.

Therefore, we believe that both the rupturing of the crust and the formation of mid-ocean ridges are caused by
the tensile membrane stress due to the tidal force (Figure 3A). In addition, under the periodic vibration of the
solid tide, lava at mid-ocean ridges accumulates gradually and experiences repeated cycles of eruption and
cooling. When a sufficient amount of solidified lava has accumulated, gravity causes the lava to thrust
horizontally over the mid-ocean ridge and the oceanic plates on both sides of the ridge via wedging, giving rise
to pressured seafloor spreading and plate motion due to the solid tide. This cycle of eruption and cooling,
followed by wedging has a stable frequency in response to the cycle of earth tides, and thus the plate motion has
become stable over time. Figure 3B depicts the breaking of a mid-ocean ridge and the consequent surging of
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mantle materials caused by the tide-generating force, as well as the resulting plate motion and seafloor spreading.
Due to the randomness of the horizontal component of the membrane stress, triple junctions may form.
Transform fault perpendicular to mid-ocean ridges also form through this process.

A Crust fracture Crust fracture B Crust fracture (mid-ocean ridge)
(mid-ocean ridge) (mid-ocean ridge)
— i

Lava carving

Lava carving Lava carving in the crust with
in the crust with in the crust with solid earth tides
solid earth tides solid earth tides

The lithosphere fracture
may be shaped as triple

Mid-ocean ridge fracture

I ) : — . W junction Mid-ocean ridge
[ 1 Vibrating by tidal force Hand seafloor spreading [ Vibrating by tidal force “ caiised by solid sarthtides

Horizontal slide <_ Continental drift and <, Horizontal slide < Continental drift and

between layers of crust > the plate movement between layers of crust the plate movement

Figure 3. (A) While triggering numerous earthquakes, the tide-generating force can also result in fracturing at
mid-ocean ridges and a surge in lava from the mantle. This causes plates to move and leads to seafloor spreading,
causing plate motion. (B) The membrane stress in the crust is caused by the earth tides and is tensile in any
horizontal direction. Due to membrane stress, transformation faults are perpendicular to the mid-ocean ridges
and large fault zones or ridges may form triple junctions, which are not explained by mantle convection or
mantle plume models

Therefore, we propose that the thin-shell theory can be used to analyze the dynamic effect of the tidal force on
the crust. Our findings are not only a theoretical support of the proposition that mid-ocean ridge fracturing and
plate motions originate from the lunar-solar tidal force, but they are also a possible solution to certain geological
problems, including the long-term stabilization of plate motions, the formation of triple junctions, large
transform faults and why only the earth has tectonic plates. These explanations make the present theory more
rational than mantle convection models and other previous geodynamical theories.

Although other terrestrial planets in our solar system have concentric layers such as the core, mantle and crust,
and they may have mantle convection similar to the earth, they do not have seafloor spreading or tectonic plates.

We believe that the earth has three specific conditions that make it possible for it to have tectonic plates and the
capacity for life, arising from the existence of the moon. These three conditions are as follows:

1) Among all the terrestrial planets, the moon has a relatively large mass relative to the earth and is relatively
close to the earth, which causes a strong tide-generating force.

2) Affected by the tidal force, the earth has a viscoelastic mantle capable of exerting a radial stress and a
membrane stress on the solid crust.

3) The thickness of the earth’s crust relative to its radius is very small and the membrane stress is strong enough
to cause crust thinner than 10 km to rupture, leading to large-scale mid-ocean ridges and tectonic plates.

For the first time, the thin-shell mechanism is used to analyze the response of the crust under the tide-generating
force and to speculate about the driving source of plate motions. And we may discover the plate tectonics
effected by the tidal force is in the terrestrial planets or other celestial bodies in future.

The conclusions of our analysis are:

1) Although the tidal force is small, the membrane stress is large. A theoretical formula is given for the crust
membrane stress model. Calculations show that the horizontal tensile membrane stress is capable of causing
tensile rupture in oceanic crust.

2) We speculate that the tide-generating force drives plate motions. We believe that the solid tide triggers
numerous earthquakes, and the membrane stress within the crust makes possible for triple junctions and large
transform faults to form in the thinner parts of the oceanic crust. Seafloor spreading and plate motions arise from
the membrane stress and are formed by lava that has erupted due to the tide-generating force. The existence of
the moon is the reason why the earth become the only planet in our solar system to have tectonic plates and plate
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motions. The analysis of shell mechanics may cause new breakthroughs in geodynamics.

3) We infer that there must be the plate tectonics effected by the tidal force is in the terrestrial planets or other
celestial bodies.
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