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Abstract

Plate motion representing a remarkable Earth process is widely attributed to
several primary forces such as ridge push and slab pull. Recently, we have pre-
sented that the ocean water pressure against the wall of continents may gen-
erate enormous force on continents. Continents are physically fixed on the top
of the lithosphere that has been already broken into individual plates, this at-
tachment enables the force to be laterally transferred to the lithospheric plates.
In this study, we combine the force and the existing plate driving forces (ie,
ridge push, slab pull, collisional, and shearing) to account for plate motion.
We show that the modelled movements for the South American, African,
North American, Eurasian, Australian, Pacific plates are well agreement with
the observed movements in both speed and azimuth, with a Root Mean Square
Error (RMSE) of the modelled speed against the observed speed of 0.91, 3.76,
2.77,2.31, 7.43, and 1.95 mm/yr, respectively.
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1. Introduction

One of the most significant achievements in the 20 century was the establishment
of plate tectonics, which developed from the previous concept of continental drift
[1] [2]. Plate tectonics mainly describes the motion of a dozen different-sized
plates that connect with each other to form a giant “jigsaw puzzle” over the Earth’s
surface. The evidence supporting this motion includes shape fitting of the African
and American continents, a coal belt crossing from North America to Eurasia,
identical directions of ice sheet movement in southern Africa and India, and
Global Positioning System (GPS) speed measurements. In addition, paleomag-
netic reversals in oceans [3] [4] reflect seafloor spreading, and studies of the Ha-

waii-Emperor seamount chain have shown that the chain is actually a trace of the
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lithosphere rapidly moving over relatively motionless hotspots [5] [6], which fur-
ther confirms the Earth’s surface motion. During the past 50 years, our under-
standing of plate motion has expanded greatly. Plates were found to have been
periodically dispersed and aggregated in the Mesozoic period, accompanied by 5 -
6 significant astronomical events [7]-[11]. The speed and direction of plate mo-
tion supported by paleomagnetism and deformation in the intraplate regions ex-
hibited various styles over geological time [12].

Exploring the plate driving forces is especially important because it provides
the first insights into the processes that yield plate tectonics. Throughout the his-
tory of plate tectonics, a large number of forces (i.e., centrifugal and tidal forces,
ridge push, slab pull, basal drag, slab suction, mantle plume, geoid deformation,
and the Coriolis force) have been presented to account for plate motion [1] [5]
[13]-[31]. More than 71% of the Earth’s surface is covered by oceans, and their
depths reach nearly 3700 meters [32]. Based on the principle of fluid mechanism
that the water pressure against the wall of a container may generate force on the
container, the ocean water pressure may generate enormous force on continents.
Continents are physically fixed on the top of the lithosphere that has been already
broken into individual plates, this attachment enables the force to be transferred
laterally to the lithospheric plates. Recently, we have determined the distribution
of this force around continents, and estimated its amplitude to be of the order of
10" N per kilometer of continent width [33]. Our modelling suggested that the
stresses yielded by this force are mostly concentrated on the upper part of the
continental crust, and their magnitudes reach up to 2.0 - 6.0 MPa, which is entirely
comparable to the range of earthquake stress drops (1 - 30 MPa) [34]. As a result,
this force may have significantly impacted continents during a geological time-
scale. However, the intricate mechanism underlying how the force contributes to
plate motion remains largely obscure. In this study, we discuss this issue with hope

of expanding the understanding of plate motion.

2. An Ocean-Generated Force Driving Mechanism
for Plate Motion

The continents are fixed on the top of the lithosphere, and the lithospheric plates
connect to each other, this relationship allows the ocean-generated force (ie,
ocean water pressure force) to interact with other forces that act on the litho-
spheric plates. Subsequently, we list the plausible forces that act on a sample con-
tinental plate (Figure 1) and discuss the physical nature of these forces. These
forces can be classified into two categories: the forces acting on the parts of the
continent that connect to the oceans and those acting at both the bottom surface
of the continental plate and the parts of the continental plate that connect to ad-
jacent plates. The forces acting on the parts of the continent that connect to the
ocean are treated as ocean-generated forces, denoted as F on the right and F; on
the left. The horizontal forces decomposed from these forces are denoted as F;

on the right and F/ on the left. A more detailed description of the horizontal
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forces generated by ocean water pressure may refer to Yang [33]. The force acting
on the bottom surface of the continental plate arises from a coupling between the
plate and underlying viscous asthenosphere. This force is called the basal friction
force and is denoted as fiae. According to Forsyth & Uyeda [22], if there is thermal
convection in the asthenosphere, ., would be a driving force [16] [17] [20] [21].
If, instead, the asthenosphere is passive relative to plate motion, f.s would be a
resistive force. Clennett et al. [35] recently treated mantle flow as a resisting force
opposite to plate motions when plate reconstruction models are assessed. Here,
we assume fy to be a resistive force. Given that the continental plate moves to-
ward the right, the forces acting on the parts of the continental plate that connect
to adjacent plates include the collisional force from the plate on the right side and
the push force from the ridge on the left side, they are denoted as Fc and Kiqge,

respectively.

Plate A

Figure 1. Fi(Fz) represents the ocean-generated force on the left (right) side of Plate A, while F/(F;)and F/(F;)denote the hor-

izontal and vertical forces decomposed from the ocean-generated force, respectively. fzs denotes the basal friction force exerted by
the underlying asthenosphere, while Fcand Fiqge denote the collisional force from Plate C on the right side and the push force from
the ridge on the left side, respectively. Az and Az are the ocean depths on the left and right, respectively. n, 2, 13, 1, and 5 denote the
distances of these forces to the Earth’s center. Note that the ocean depth and lithospheric plate thickness are highly exaggerated.

Plate motion is conventionally understood as a rigid plate rotating about an axis
that penetrates the Earth’s center, and this rotation must be a consequence of the
integrated effect of all torques acting on the plate [22] [26]. Following this under-
standing, we use torque balance to discuss the movement caused by these forces.

According to Figure 1, a combined torque for Plate A may be written as

T:(rlFL,_rZFF;)+r3Fridge_(r4FC+r5fbase) (1)

DOI: 10.4236/ijg.2024.159041

739 International Journal of Geosciences


https://doi.org/10.4236/ijg.2024.159041

Y. F.Yang

where the first term (rF/—r,F;) denotes the torque yielded by the final hori-
zontal force, the second term 13 Fiqpe denotes the torque yielded by the ridge push
force, both of them represent the driving torque for the continental plate, and the
third term (z3Fc + Isfs) denotes the resisting torque, which hinders the move-
ment of the continental plate. Taking into consideration the reality that the plate
is too thin (e.g., less than few hundred kilometers) relative to the Earth’s radius
(e.g., more than six thousand kilometers), we approximate r1 = n ==, = .

Equation (1) provides three possibilities for the continental plate. If the driving
torque is greater than the resisting torque, the combined torque is greater than
zero, and the continental plate is subjected to an accelerating motion. Practically,
it is impossible for the continental plate to undergo such an accelerating motion.
If the driving torque is equal to the resisting torque, the combined torque is zero,
and the continental plate would be subjected to a steady motion. If the driving
torque is less than the resisting torque, the combined torque is less than zero, and
the continental plate remains motionless.

Plate A’s movement exhibited in Figure 1 is parallel to that of Plate B and Plate
C, this situation is rather idealized. Practically, the movements of most plates in-
tersect with each other. For instance, the South American Plate moves northwest,
the Nazca Plate moves eastward, the African Plate moves northeast, the Eurasian
Plate moves eastward. These nonparallel movements would yield additional colli-
sional forces and shearing forces between plates. If two plates are not moving in
the opposite direction, the collisional and shearing forces between them may be
driving; and if the two plates are moving in the opposite direction, the collisional
and shearing forces between them may be resisting. Below, we develop two semi-

analytic methods (I and II) to independently resolve plate motion.

2.1. Method I

It is assumed that the Earth’s surface is covered with Plate A, Plate B, Plate C, Plate
D, and others, and that Euler pole of each plate has been established (Figure 2).
For Plate A (assumed to be continental), the horizontal force F; (/= 1, 2, 3, 4, and
5) acts on the side of the continent that is fixed on top of Plate A. The horizontal
force (F, for instance) yields a component ( K, for instance) that is orthogonal
to the rotation axis of the plate; this component then yields a torque (7, , for in-
stance). The torques yielded by all the components decomposed from the hori-
zontal forces are summed into first driving torque. The ridge push force F.; (/= 1,
2, 3, and 4) acts on the edge of the plate, this force also yields a component that is
orthogonal to the rotation axis; this component also yields a torque. The torques
yielded by all the components decomposed from the ridge push forces are
summed into second driving torque. Given that Plate A, Plate B, Plate C, and Plate
D move eastward, southward, westward, and eastward, respectively, and that Plate
D moves faster than Plate A, these make Plate A undergo a collisional driving
force Fp. from Plate B, a shearing driving force Fp., from Plate D, a collisional

resistive force Fc.. from Plate C, a shearing resistive force Fz.,; from Plate B, and a
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basal friction force Fp.a from the underlying viscous asthenosphere. The colli-
sional driving force F. and the shearing driving force Fp., also yield two compo-
nents that are orthogonal to the rotation axis of the plate; these components also
yield torques. The torques yielded by these two components are summed into
third driving torque. The collisional resistive force Fc.. and the shearing resistive
force Fz.;also yield two components that are orthogonal to the rotation axis; these
components also yield torques. The torques yielded by these two components are
summed into first resistive torque. The basal friction force Fj..s yields second re-
sistive torque.

Then, we divide these five sets of torques into two exerting parts: one, which
includes the second driving torque and a little portion of the first and third driving
torque, balances out the first resistive torque, and the other, which including the
remaining portion of the first and third driving torque, balances the second resis-
tive torque. Consequently, all these torque balances allow Plate A to be steadily
rotated under the assumption that the acceleration and inertia of the plate are ne-
glected. The remaining portion of the first and third driving torque is called the
net driving torque, and the second resistive torque is called the net resistive
torque. The balance between the net driving torque and the net resistive torque

may be written as
7'-driving ~ Thasal = 0 (2)

where Tuiving is the net driving torque, 7uming = €7, and eis the ratio of the net driv-
ing torque to the first and third driving torque. As shown in Figure 2(a), the com-
ponent decomposed from a force (the horizontal force, for instance) may be writ-
ten as £; = Ficosn, and 7, = y; — A; where y;is the inclination of this force to lati-
tude. A;is the azimuth of arc P,E£with respect to latitude. This component yields a
torque 7; with respect to the rotation axis, ie., 7; = r;F;, where r;denotes the lever
arm distance of the component 7;, r; = RearSing@p;, Rearsn is the Earth’s radius and
Reors = 6371 km, and ¢p; is the angle of site P; and the Euler pole. A sum of the
torques yielded by the components, which are decomposed from the horizontal
forces, collisional driving forces, and shearing driving forces, forms the first and
third driving torque 7. 7z, denotes the net resistive torque yielded by the basal
friction force, it can be written as Tpasw = I'xFrasas Where rx denotes the lever arm
distance of the basal friction force. According to the principle of fluid mechanics
[36], the basal friction force may be expressed as Fyasu = AU/ y; i, A, 11, and y-are
the viscosity of the asthenosphere, the plate’s area, the plate’s speed, and the thick-
ness of the asthenosphere, respectively. Therefore, u = yTavind A, this speed rep-
resents average level of the plate’s movement. In general, the largest speed of a
plate occurs at the plate’s equator, while the smallest speed occurs at the location
whose angle distance to the Euler pole is minimal or maximal. As shown in Figure
2(b), we assume that the geometric center (ie., location K) of Plate A moves at
the average speed, namely, u = u. And then, the speed of any location § within
this plate may be expressed with u, = wiSingy/singy, where @J(¢y) is the angle dis-
tance of location S(K) to the Euler pole (ie., location E) relative to the Earth’s
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center. The speed u; can be further decomposed into the longitudinal speed .o
and latitudinal speed w1, and . = usin(A; — 90°), . = ucos(As — 90°), where
A, is the azimuth of arc SE with respect to latitude. The azimuth of the movement
is then calculated through the longitudinal and latitudinal speeds. All these angles
and distances (Z.e, 75 Vs A As @p @i @s I 1x) may be further calculated through
the latitudes and longitudes of related locations.

90°N == —_
B = = EEE %3 g
60°N 1 -y - =
g
30°N
SHHPEh. 8
g N NPy KPA I ~
|| },_r—‘ Sl X A f' EN ?
m_PEE 15 I >
30°S
B \}“’\\ = ﬂy gmk"\ E\f‘_
/4
s0°s , N = N
(0
90°S 4 il

0° 30°E  60°E  90°E 120°E 150°E  180° 150°W 120°W 90°W  60°W  30°W 0°

‘Axis of rotation ‘Axis of rotation

(@) (b)

Figure 2. Modelling the torque balances for plate motion. (a) Geometry of ocean-generated horizontal forces, ridge push forces,
collisional forces, and shearing forces over a spherical frame. The white oval within Plate A represents the scope of the continent.
The green line denotes the oceanic ridge. The pink lines beneath the locations (black dots) denote the latitudinal and longitudinal
directions. (b) Decomposing the average movement of the plate into the movement of any location. The location K'and E are the
geometric center of Plate A and its Euler pole, respectively. (c) Exhibiting the geometric centers (black dots) of the six selected plates
and the established Euler pole locations (yellow stars) over a planar frame.
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Here, we use six plates (South American, African, Eurasian, North American,
Australian, and Pacific) to demonstrate their movements. In order to simplify the
following deduction, we plot globally tectonic plates into a grid of 10° x 10° and
use these grid nodes, which are within plate, to obtain the geometric center of each
plate. The geometric center is approximately calculated through the average of the
latitudes and longitudes of these nodes. The Euler pole location of each of these
plates is cited from the GSRM v.2.1 [37]. Both the geometric center of each plate
and its Euler pole location are exhibited in Figure 2(c).

Besides these forces discussed above, the additional forces (i.e., collisional and
shearing) for these plates need to be considered. As exhibited in Figure 3, the
African, Indian, and Australian plates provide the collisional driving forces Far.ru-c,
Fxeu.c, and Fyupu.c for the Eurasian Plate, respectively. The Nazca plate provides
a collisional driving force Fyu-sa-c for the South American Plate. The Eurasian
Plate provides a shearing resistive force Fyna-s for the North American Plate;
vice versa, the North American Plate provides a shearing driving force Fua-gu-s for
the Eurasian Plate. The Australian, North American, and Eurasian Plates provide
the collisional driving forces Fiupa-c, Fua-ra-c, and Feupac for the Pacific Plate,
respectively. The Australian, North American, and Eurasian Plates provide the
collisional driving forces Fau.ra-c, Fa-pa-c; and Fgu.pa-c for the Pacific Plate, re-
spectively. It’s important to note that, while slab pull has widely been linked to
the Pacific Plate, Doglioni and Panza [38] made a comprehensive review on this
force and presented a long list of geometric, kinematic, and mechanical arguments
against it as the primary driving force. This conclusion is recently strengthened

by Faccincani et al. [39]. These authors found that the lithospheric mantle density

60°'W 30°'W 0° 30°E 60°E 90°E 120°E 150°E  180°

Figure 3. Ocean-generated horizontal forces (yellow arrows) and related collisional/shearing forces (purple arrows). The original

map is from Yang (2024) [33].
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structure can be affected by variations in thermal regimes and bulk composition,
and their results suggest that the lithospheric mantle is not denser than the un-
derlying asthenospheric mantle. A difference in density between the lithospheric
mantle and the underlying asthenospheric mantle means that the oceanic plate,
which consists of the lithospheric crust and mantle, is unlikely to sink, forming a
“negative” buoyancy to drive plate motion. Taking into account this present sta-
tus, we temporarily neglect slab pull in the modelling here but will discuss it lat-
terly. The details of these collisional and shearing forces are listed in Table 1. It is
worth noting that the magnitude and direction of these forces are artificially given,
potentially causing discrepancies with reality. A precise determination of these
forces requires an in-depth investigation of plate boundary structures, but is not
feasible within the scope of this study due to individual effort constraints. The
resultant torques from all related forces are listed in Table 2.

The asthenosphere viscosity is not yet exactly determined. Many numerical
studies using glacial isostatic adjustment and geoid modelling have shown that
asthenospheric viscosity ranges from 10" to 10%° Pas [40]-[49]. Laboratory exper-
iments, however, suggested that the magnitude of the asthenospheric viscosity
could be substantially different from those constrained by numerical studies. The
viscosity is variable and likely related to the thermodynamic state, grain size,
composition of the medium, and state of stress [50]. Both the melt contents of the
asthenosphere and the water in the asthenosphere may greatly affect the viscosity
[51] [52]. Hirth and Kohlstedt [52] reported a variable viscosity profile for a melt-
free oceanic lithosphere with a mean value of ~10'® Pas. These authors [53] [54]
concluded that, in consideration of the water- and melt-rich layers characterized
by much lower viscosities, a strong vertical variability of viscosity may be more
realistic. The asthenosphere’s effective viscosity can be greatly lowered to 10" Pas

if the water content in the case of both diffusion and dislocation creep is included

Table 1. Given collisional and shearing forces between plates.

Control site Fi Inclination to latitude, east (yz)

j Longitude Latitude i N (x10") Degrees

A 26.50° 22.40° AF-EU-C (EU-AF-C) 42 66.13° (246.13°)

B 21.05° 80.92° IN-EU-C (EU-IN-C) 1.3 71.47° (251.47°)

C 12.15° 104.09° AU-EU-C (EU-AU-C) 1.5 54.74° (234.74°)

D 88.00° 84.59° NA-EU-S (EU-NS-S) 4.0 0.00° (180.00°)

E -19.64° 148.17° AU-PA-C (PA-AU-C) 1.0 55.00° (235.00°)

F 41.22° 238.99° NA-PA-C (PA-NA-C) 3.0 185.00° (5.00°)

G -2.20° 278.96° Naz-SA-C (SA-Naz-C) 0.2 0.00° (180.00°)

H 43.68° 144.98° PA-EU-C (EU-PA-C) 0.1 180.00° (0.00°)

I 20.68° 35.70° AF-EU-S (EU-AF-S) 0.8 170.00° (350.00°)
Notes: related sites refer to Figure 3.
DOI: 10.4236/ijg.2024.159041 744 International Journal of Geosciences


https://doi.org/10.4236/ijg.2024.159041

Y. F.Yang

Table 2. (a) Parameters for the torques of six selected plates in the method I. (b) Parameters for the torques of six selected plates in
the method I (continued). (c) Parameters for the torques of six selected plates in the method I (continued). (d) Parameters for the
torques of six selected plates in the method I (continued).

(a)
Angle between
horizontal Angle of ,
Eule pole No. force and its Decomposed site Z;and Eart.h ° Le.ver arm Torque
force radius distance
Plate decomposed Eule pole
force
E ) ni Fr Ppi Rearth Ii 7
Latitude  Longitude ! Degrees N (x10')  Degrees m (x10®) m(x10°) N m (x10%)

1 97.27° 0.2497 79.30° 6371.00 6260.27 -1.5632

2 92.72° 0.0574 72.92° 6371.00 6089.89 —0.3493

3 86.94° 0.0381 63.32° 6371.00 5692.78 0.2170

4 316.47° 0.4054 55.68° 6371.00 5261.94 2.1332

5 353.88° 0.9497 49.51° 6371.00 4845.13 4.6012

6 358.11° 1.3675 39.66° 6371.00 4066.52 5.5611

7 343.60° 0.4981 30.91° 6371.00 3272.51 1.6300

8 14.05° 0.7108 23.29° 6371.00 2519.47 1.7909

9 212.77° 0.8725 26.03° 6371.00 2795.38 —2.4389

10 115.64° 0.6455 33.23° 6371.00 3490.93 —2.2536

11 129.96° 0.9586 41.83° 6371.00 4249.32 -4.0733

12 101.72° 0.2780 50.75° 6371.00 4933.75 -1.3715

13 227.96° 0.3704 58.02° 6371.00 5404.09 -2.0014

14 129.97° 0.4880 63.81° 6371.00 5717.10 -2.7900

15 65.38° 0.1302 65.61° 6371.00 5802.46 0.7556

16 90.08° 0.0004 69.11° 6371.00 5952.09 -0.0023

AI\ILOerrti}(l:a 2.19° 276.25° 17 109.75° 0.0010 75.74° 6371.00 6174.81 —0.0061
18 207.62° 0.6048 81.54° 6371.00 6301.68 -3.8112

19 281.86° 0.0218 83.53° 6371.00 6330.41 0.1377

20 254.21° 0.0165 81.97° 6371.00 6308.49 —0.1042

21 258.36° 0.0002 81.06° 6371.00 6293.59 -0.0013

22 251.94° 0.0175 80.59° 6371.00 6285.20 -0.1102

23 318.90° 0.0601 79.05° 6371.00 6255.08 0.3762

24 282.85° 0.0155 77.95° 6371.00 6230.53 0.0969

25 303.63° 0.0668 77.54° 6371.00 6220.87 0.4153

26 295.24° 0.2553 76.48° 6371.00 6194.44 1.5815

27 223.62° 0.2277 79.34° 6371.00 6261.13 —1.4256

28 252.92° 0.1328 85.13° 6371.00 6347.96 -0.8430

29 268.96° 0.0032 93.29° 6371.00 6360.48 —-0.0203

30 240.52° 0.0001 93.27° 6371.00 6360.61 —0.0009
EU-NA-S 47.10° 2.7231 89.81° 6371.00 6370.96 —17.3490

PA-NA-C 35.15° 1.6353 51.43° 6371.00 4981.26 8.1461
total -13.0728

Note: The negative symbol “-” beneath torque denotes counterclockwise with respect to the axis of rotation.
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(b)

Angle between

horizontal ..Angle of
Eule pole No. force and its Decomposed site P;and Eart.h’s Leyer arm Torque
force Eule radius  distance
Plate decomposed pole
force
E ) ni Fr Dpi Rearth I Ti
Latitude Longitude ! Degrees N (x10'7) Degrees m (x10°) m (x10°) N m (x10%)

31 94.63° 0.1175 38.23° 6371.00  3942.62 —-0.4635

32 117.64° 0.5594 40.64° 6371.00  4149.63 -2.3212

33 75.71° 0.4446 45.73° 6371.00  4561.87 2.0280

34 68.24° 0.4722 42.53° 6371.00  4306.96 2.0337

35 107.25° 0.2812 41.10° 6371.00 4188.48 -1.1777

36 247.03° 0.0605 48.92° 6371.00  4802.51 -0.2907

37 214.43° 0.0958 50.48° 6371.00  4914.25 -0.4707

38 188.74° 1.7689 54.93° 6371.00  5214.44 -9.2238
Ai::;i}::a -14.10° 242.14° 39 200.24° 1.9216 61.42° 6371.00  5594.69 -10.7506
40 181.06° 1.4396 66.20° 6371.00  5829.25 -8.3917

41 212.82° 1.3693 71.37° 6371.00  6037.15 -8.2667

42 301.17° 0.8180 74.55° 6371.00 6140.76 5.0232

43 286.96° 0.4041 66.24° 6371.00  5831.18 2.3565

44 253.52° 0.0936 58.47° 6371.00  5430.40 -0.5084

45 347.68° 1.6887 58.25° 6371.00  5417.83 9.1491

Naz-SA-C 71.58° 0.0632 38.26° 6371.00  3945.32 0.2493
total -21.0251

46 70.14° 0.3779 53.21° 6371.00  5102.38 1.9283

47 102.95° 0.4016 56.52° 6371.00  5314.13 -2.1344

48 164.92° 1.6163 66.57° 6371.00  5845.72 -9.4486

49 218.52° 1.3702 77.78° 6371.00  6226.76 -8.5319

50 145.39° 0.7668 86.18° 6371.00  6356.85 —4.8747

51 154.94° 1.4114 94.61° 6371.00  6350.43 -8.9632

52 117.56° 0.6083 101.46° 6371.00 624391 -3.7983

53 155.92° 1.2945 108.55°  6371.00  6039.87 —-7.8188

Africa 19.66° £81.92° 54 165.93° 0.9259 116.64° 6371.00 5694.53 -5.2727
55 137.16° 0.2165 121.92°  6371.00  5407.37 -1.1709

56 283.40° 0.2429 123.18° 6371.00  5331.97 1.2950

57 275.06° 0.0979 121.18°  6371.00  5450.79 0.5337

58 313.40° 0.4141 115.74° 6371.00 5738.80 2.3762

59 264.22° 0.0918 110.48° 6371.00 5968.21 —-0.5481

60 259.19° 0.2878 107.05°  6371.00  6090.91 -1.7529

EU-AF-C 7.26° 4.1663 76.43° 6371.00  6193.10 25.8022

EU-AEFE-S 81.71° 0.1154 88.57° 6371.00  6369.01 -0.7349
-23.1140

Note: the negative symbol “~” beneath torque denotes counterclockwise with respect to the axis of rotation.
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(c)
Angle
between
horizontal Angle of site
Eule pole No. force and Decomposed ijnd Eule Eart.h’s Length of Torque
e its force pole radius  lever arm
decomposed
force
E . ni Fr Dpi Reartn I Ti
Latitude Longitude ! Degrees N (x10Y) Degrees m (x10°) m(x10°) N m (x10%)

67 258.40° 0.4439 115.16° 6371.00 5766.75 —-2.5600
68 149.71° 2.0668 125.41° 6371.00 5192.58 —10.7320

69 334.71° 0.0010 122.62° 6371.00 5365.89 0.0051

70 83.52° 0.1608 114.29° 6371.00 5806.87 0.9336

71 79.27° 0.1196 109.58° 6371.00 6002.67 0.7181

72 37.66° 0.4566 106.33° 6371.00 6114.00 2.7916

73 49.55° 0.8144 102.01° 6371.00 6231.63 5.0750

74 21.11° 0.6848 96.81° 6371.00 6326.02 4.3322

75 81.02° 0.1270 92.43° 6371.00 6365.29 0.8082

76 62.48° 0.8568 84.59° 6371.00 6342.61 5.4341

77 40.27° 1.3288 73.63° 6371.00 6112.77 8.1227

78 57.60° 0.7856 64.43° 6371.00 5747.16 4.5148

79 31.07° 1.5750 54.93° 6371.00 5214.08 8.2124

80 171.95° 0.7962 49.33° 6371.00 4832.06 —-3.8475

81 154.76° 0.1390 49.63° 6371.00 4854.19 -0.6747

82 133.27° 0.1370 48.52° 6371.00 4772.97 -0.6539

83 174.32° 0.1546 48.39° 6371.00 4763.58 -0.7366

Eurasia 55.38° 264.59° 84 23.23° 0.2161 49.86° 6371.00 4870.34 -1.0527
85 11.67° 0.2564 51.62° 6371.00 4994.15 -1.2803

86 34.19° 0.3098 53.25° 6371.00 5104.74 -1.5816

87 11.01° 0.4192 54.21° 6371.00 5167.62 -2.1662

88 175.74° 0.3857 52.24° 6371.00 5036.62 1.9426

89 0.46° 0.5334 48.88° 6371.00 4799.38 —-2.5601

90 45.07° 0.0023 47.33° 6371.00 4684.66 -0.0107

91 5.85° 1.1744 50.70° 6371.00 4930.18 -5.7901

92 44.78° 0.2217 45.84° 6371.00 4570.16 1.0132

93 102.94° 0.1687 55.45° 6371.00 5247.62 -0.8854

94 81.57° 0.1424 54.98° 6371.00 5217.66 0.7429

95 122.84° 0.7633 57.09° 6371.00 5348.90 —4.0826
AF-EU-C 174.37° 4.1797 82.54° 6371.00 6317.01 —26.4034

IN-EU-C 178.65° 1.2996 103.51° 6371.00 6194.68 -8.0509

AU-EU-C 166.77° 1.4602 110.51° 6371.00 5967.18 -8.7133

NA-EU-S 106.31° 1.1233 36.62° 6371.00 3800.34 —4.2691

PA-EU-C 97.84° 0.0136 68.57° 6371.00 5930.61 0.0808

AF-EU-S 29.84° 0.6940 93.37° 6371.00 6359.96 4.4136
total -36.9103

Note: the negative symbol “~” beneath torque denotes counterclockwise with respect to the axis of rotation.
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(d)
Angle
between Anele of
ngle o
horizontal Decomposed | & Earth’s  Length of
Eule pole No. . site Prand . Torque
force and its force Eule vol radius lever arm
ule pole
Plate decomposed P
force
E ) ni Fy Dpi Rearth I T
i
Latitude  Longitude Degrees N (x10Y) Degrees m (x10°) m(x10°) N m (x10%)
96 254.20° 0.3723 110.26° 6371.00 5976.79 —-2.22515
97 241.45° 0.4908 107.86° 6371.00 6063.97 -2.97597
98 182.17° 1.4429 115.09° 6371.00 5769.94 -8.32561
99 170.88° 1.1458 123.09° 6371.00 5337.79 -6.11606
100 294.07° 0.3880 126.38° 6371.00 5129.41 1.990312
101 283.24° 0.1994 126.78° 6371.00 5102.73 1.01746
102 334.60° 0.4275 123.59° 6371.00 5307.41 2.268856
103 331.54° 0.5998 114.69° 6371.00 5788.35 3.471845
Australia 33.31° 36.38°

104 106.97° 0.0001 110.38° 6371.00 5972.19 —0.0007

105 261.10° 0.0001 106.09° 6371.00 6121.32 —0.0006

106 66.81° 0.0002 98.56° 6371.00 6300.01 0.0013
107 64.56° 0.3686 94.58° 6371.00 6350.68 2.340567
108 178.47° 3.0974 104.19° 6371.00 6176.62 —-19.1313
EU-AU-C 15.71° 1.4440 64.82° 6371.00 5765.39 8.325007
PA-AU-C 3.92° 0.9977 118.47° 6371.00 5600.47 5.587377
total -13.7727

AU-PA-C 87.49° 0.0437 50.72° 6371.00 4931.80 0.2157

NA-PA-C  39.99° 2.2984 143.46°  6371.00  3793.07 -8.7181

Pacific -63.09° 109.63°
EU-PA-C 12.55° 0.0976 110.42° 6371.00 5970.70 0.5828
total -7.9195
Note: the negative symbol “~” beneath torque denotes counterclockwise with respect to the axis of rotation.

[55]. Scoppola et al [54] conducted a more detailed review of asthenospheric vis-
cosity and concluded that the presently accepted values of viscosity might be re-
duced through a combined experiment including these parameters (i.e., melt con-
tent, water content, mechanical anisotropy, and shear localization). A “super-
weak”, low-viscosity asthenosphere supported by recent observations is being ac-
cepted by the geophysical community [47] [49] [56]-[61]. Jordan [62] treated the
asthenospheric thickness as 300 km. Taking into account the present status of the
viscosity and thickness of the asthenosphere above, we adopt y= 300 km for each
of the six selected plates, u = 10'® Pas for the South American, African, North
American, and Eurasian plates, g = 0.6 x 10'® Pas for the Australian Plate, and u =
0.12 x 10'® Pas for the Pacific Plate. The other parameters (i.e., plate area, the ratio

of the net driving torque and the first and third driving torque) and the resultant
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average movements of these plates are listed in Table 3.

There have been many plate motion models (ie, GSRM, NUVEL-1, and
MORVEL) that include global navigation satellite systems (GNSS) and paleomag-
netic data. For instance, GSRM v.2.1 includes more than 6739 continuous GPS
velocity measurements [37]. The movements reproduced by these models may
approximately represent observations. Here, the movements of 450 locations (41
for the South American Plate, 70 for the African Plate, 93 for the North American
Plate, 95 for the Eurasian Plate, 47 for the Australian Plate, and 104 for the Pacific
Plate) are reproduced by GSRM v.2.1. The modelled and reproduced movements
are then compared in Figure 4. The Root Mean Square Error (RMSE) of the mod-

elled speed against the reproduced speed for a plate is expressed as

RMSE =/ 3.7 (u, (i)~ u, (1)) /m 3)

where u,,(1) represents the speed of a location (1) calculated by our model, u,(1)

represents the speed reproduced by GSRM v.2.1, and m is the total number of
locations in the plate. It can been found that the modelled movements for these
locations are well consistent with the reproduced movements in both speed and
azimuth, the RMSE of the modelled speed against the reproduced speed for the
South American, African, North American, Eurasian, Australian, and Pacific
plates is 0.91, 3.76, 2.77, 2.31, 7.43, and 1.95 mm/yr, respectively.

2.2. Method I1

We assume that the Earth’s surface is covered with Plate A, Plate B, Plate C, Plate
D, and others (Figure 5). For Plate A (assumed it to be continental), it undergoes
the ocean-generated horizontal force F; (=1, 2, 3, 4, and 5), the ridge push force
F.;(i=1,2, 3, and 4), the collisional driving force Fz., the shearing driving force
Fp.,, the collisional resistive force Fc.., the shearing resistive force Fs., and the ba-

sal friction force F.s.. One horizontal force (£, for instance) yields a torque (i,

Table 3. The net driving torques and their resultant movements for these selected plates in the method I.

Lever arm
. Net driving ) distance for
Area Ratio Geometric center of the plate o Movement
torque basal friction
Plate force
A Tdriving K Pk Tk u
£
km? N m (10%) Latitude Longitude Degrees m (10%) mm/yr
South America 43,600,000 0.15 3.18 -24.39° 313.66° 67.63° 5891.49 11.73
Africa 61,300,000 0.64 14.74 -5.57° 13.43° 95.22° 6344.59 35.85
North America 75,900,000 0.79 10.39 59.57° 256.88° 59.31° 5478.57 23.64
Eurasia 67,800,000 0.31 11.51 50.32° 68.84° 73.49° 6108.39 26.29
Australia 47,000,000 0.91 12.55 -28.30° 122.98° 102.51° 6219.65 67.72
Pacific 103,300,000 0.75 5.98 0.10° 198.65° 89.64° 6370.88 71.61
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Figure 4. The reproduced movements from GSRM v.2.1 (black arrows) verse the calculated movements from our model (red arrows)
in the method I. (a)-(f) are the South American, African, North American, Eurasian, Australian, and Pacific plates, respectively.

for instance), another horizontal force (5, for instance) yields another torque (7,
for instance), a combination of these two torques results in a new torque (1., for
instance), this new torque then combines the torque yielded by third horizontal
force to form another new torque. Subsequently, the torques yielded by all the
horizontal forces are combined into a final torque. The collisional driving force
Fz . yieldsa torque, the shearing driving force Fp.; yields a torque, the final torque
combines these two torques to firm first driving torque. The collisional resistive
force Fc..and the shearing resistive force F. also yield two torques, they combine
to firm first resistive torque. The basal friction force Fs. yields second resistive
torque. The ridge push force F.; (/= 1, 2, 3, and 4) also yields a torque, the torques
yielded by all the ridge push forces are combined into second driving torque.
Then, we divide these four sets of torques into two exerting parts: one, which
includes the second driving torque and a portion of the first driving torque, bal-
ances out first the resistive torque, and the other, which including the remaining
portion of the first driving torque, balances the second resistive torque. Conse-
quently, all these torque balances allow Plate A to be steadily rotated under the

assumption that the acceleration and inertia of the plate are neglected. The
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remaining portion of the first driving torque is called the net driving torque, and
second resistive torque is called the net resistive torque. We assume that the net
driving torque exerts on the geometric center (ie., location K) of Plate A, this
makes the plate move along a big circle that represents the equator of this Plate.
And then, the balance between the net driving torque and the net resistive torque
may be expressed with Equation (2). According to Figure 5(a), a force F;yields a
torque 7; with respect to the Earth’s center, ie, 7; = RearnF; Where R is the
Earth’s radius and Re.n = 6371 km. The combination of two torques follows the

trigonometric principle and may be written as

90°N = | i
B ] P B i S =
) [ : 3 E
60°N =& = 5
30°N : i {/
D1 ( Tph-driving B ] Jk_ e L
0° \\ I \ P, Eint l\- \\ i &%
T NN, PN Asd | 3
5 ] '{D PA-basat | L""Z S\
TAE- - \
s ki i 2 R
g \}—V\ w | = X )\x\”\_ LS4 badal E’J
N ~ 1A ; 5
60°S T =R
()
90°S -

0° 30°E  60°E  90°E 120°E 150°E 180° 150°W 120°W 90°W 60°W  30°W 0°

‘Axis of rotation

Axis of rotation

(a) (b)

Figure 5. Modelling the torque balances for plate motion. (a) Geometry of ocean-generated horizontal forces, ridge push forces,
collisional forces, and shearing forces over a spherical frame. The large light blue and yellow circles denote the orientations of the
torques yielded by the horizontal force £ and F, the large green circle denotes the orientation of the combined torque of these two
torques, and the large white circle denotes the possible orientation of the first driving torque. (b) Decomposing the average move-
ment of the plate into the movement of any location. The location K and E are the geometric center of the plate and its Euler pole,
respectively. (c) Exhibiting the torque balance of the selected plates over a planar frame. The calculated Euler pole locations (red
dots) are compared to the established Euler pole locations (yellow stars).
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2 _
i=

2

70 =7 + 1 + 207, 008( 7 — Vi) (4)

where 7;is the combined torque, 7;and 7;,, are the torque yielded by the force £
and Fj, respectively. y;and y:n denote the inclination of the forces F;and F, to
latitude, respectively. 7. denotes the net resistive torque yielded by the basal
friction force, it can be written as Tpasa = ReartnFrasar. According to the principle of
viscous fluid mechanics, the basal friction force may be expressed as Fyacr= ptAul y;
1 A, u, and y are the viscosity of the asthenosphere, the plate’s area, the plate’s
speed, and the thickness of the asthenosphere, respectively. Therefore, u = y7-
ing 1A, this speed represents average level of the plate’s movement.

On the whole, the largest speed of a plate occurs at the plate’s equator, while
the smallest speed occurs at the location whose angle distance to the Euler pole is
minimal or maximal. According to Figure 5(b), we assume that the geometric
center (Ze., location K) of Plate A moves at a speed of u = {u, where {’is an am-
plification coefficient of the average speed. And then, the speed of any location §
within this plate may be expressed with u, = wisingd/singy, where g ¢ is the an-
gle distance of location S(X) to the Euler pole (ie, location E) relative to the
Earth’s center. The Euler pole is calculated through the location K'and the orien-
tation of the first driving torque 7. The speed u; can be further decomposed into
the longitudinal speed u,, and latitudinal speed i1, and 4. = usin(A-90°), vy =
u,c0s(A-90°), where A, is the azimuth of arc SE with respect to latitude. The azi-
muth of the movement is then calculated through the longitudinal and latitudinal
speeds. All these angles and distances (Ze., ¥ A» @ @;) may be calculated through
the latitudes and longitudes of related locations.

We here use three plates (South American, African, and Pacific) to demonstrate
the resultant movements. The geometric centers of these plates, the calculated Eu-
ler pole location, and the established Euler pole location cited from GSRM v.2.1
[37] are exhibited in Figure 5(c). A few other possible forces (i.e., collisional and
shearing) are considered for these plates. For example, the Eurasian Plate provides
a collisional driving force Fiu.ar.c and a shearing driving force Fgy.ar.s for the Af-
rican Plate. The Nazca plate provides a collisional driving force Fua.-sa-c for the
South American Plate. The Australian, North American, and Eurasian plates pro-
vide the collisional driving force Fyu.pa-c, Aua-pa-c, and Fgu-pa-c for the Pacific Plate,
respectively. Again, we temporarily neglect slab pull in the modelling here but will
include it in the discussion of this study.

The details of these collisional and shearing forces have been exhibited in Fig-
ure 3 and listed in Table 1. The resultant torques from all related forces are listed
in Table 4. The viscosity and thickness of the asthenosphere for these three plates
are the same as that described in the method I. The other parameters (i.e., plate
area, the ratio of the net driving torque to the first driving torque, and the ampli-
fication coefficient) and the resultant average movements are listed in Table 5.
The movements of 215 locations (41 for the South American Plate, 70 for the Af-
rican Plate, and 104 for the Pacific Plate) are reproduced by GSRM v.2.1. The cal-
culated and reproduced movements are compared in Figure 6. The Root Mean
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Square Error (RMSE) of the calculated speed against the reproduced speed for
these three plates is calculated through Equation (3). We find that the calculated
movements for these locations are basically consistent with the reproduced move-
ments in both speed and azimuth, the RMSE of the calculated speed against the
reproduced speed for the South American, African, and Pacific plates is 0.98, 3.18,
and 6.51 mm/yr, respectively. This result is not entirely as good as that demon-
strated in the method I. One major cause for this is because the geometric center
of a plate is strictly not calculated through the average of the latitudes and longi-
tudes of those nodes. The less accurate first driving torque adds to the less accurate
geometric center, naturally, the calculated Euler pole location and the resultant
movement of the plate cannot be accurate. Even so, our goal has realized that a
combination of the ocean-generated, ridge push, collisional force, and shearing

forces may account for plate motion.

Table 4. (a) Parameters for the torques of three selected continental plates in the method II. (b) Parameters for the torques of three

selected plates in the method II (continued).

(a)
Eule pole No. Horizontal force ]i: dti}:l,ss Torque No. Combined torque
Plate Inclination to lat-

E ' F; Reartn T ' T itude,

1 J east (y))

Latitude Longitude N (x10Y)  m (x10*)N m (x10?) N m (x10%) Degrees

31 1.4573 6371.00 9.2848 31 9.2815 22.92°

32 1.2059 6371.00 7.6829 31-32 16.8927 27.75°

33 1.8014 6371.00 11.4769 31-33 26.8242 12.22°
34 1.2737 6371.00 8.1145 31-34 34.5354 7.29°

35 0.9484 6371.00 6.0420 31-35 39.7562 12.02°

36 0.1551 6371.00 0.9883 31-36 39.7462 13.45°

37 0.1161 6371.00 0.7397 31-37 39.1661 14.12°

South 38 1.7897  6371.00 11.4020 31-38 34.9655 30.59°

. -14.68° 224.18°

America 39 2.0480 6371.00 13.0480 31-39 31.7450 52.47°
40 1.4398 6371.00 9.1732 31-40 35.3756 66.91°

41 1.6295 6371.00 10.3814 31-41 36.7958 83.30°

42 1.5804 6371.00 10.0688 31-42 27.5043 90.28°

43 1.3853 6371.00 8.8257 31-43 21.2133 105.00°

44 0.3300 6371.00 2.1025 31-44 21.1033 110.69°

45 1.7285 6371.00 11.0123 31-45 10.0916 109.90°

NA-SA-C 0.2000 6371.00 4.4597 31-NA-SA-C 9.5515 83.84°
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(b)
Eule pole No. Horizontal Eart.h’s Torque No. Combined torque
force radius
Inclination
Plate E Fi Rearth Ti 7 .to
i j latitude,
east ()
Latitude Longitude N (x10Y7) m (x10% N m (x10%) N m (x10%) Degrees
46 1.1123 6371.00 7.0867 46 7.0867 320.52°
47 1.7917 6371.00 11.4148 46 - 47 18.1425 334.91°
48 1.6739 6371.00 10.6648 46 - 48 24.8049 357.55°
49 1.7514 6371.00 11.1579 46 - 49 26.1494 22.67°
50 0.9317 6371.00 5.9357 46 - 50 32.0830 22.36°
51 1.5581 6371.00 9.9269 46 - 51 41.9838 23.48°
52 1.3150 6371.00 8.3777 46 - 52 48.8835 17.47°
53 1.4180 6371.00 9.0339 46 - 53 57.9100 17.86°
Africa 44.43° 298.60° 54 09546  6371.00  6.0816 46 - 54 63.9220 1873
55 0.2953 6371.00 1.8813 46 - 55 64.7399 20.24°
56 1.0480 6371.00 6.6768 46 - 56 60.9224 25.24°
57 1.1109 6371.00 7.0773 46 - 57 57.7443 31.35°
58 0.6026 6371.00 3.8393 46 - 58 54.2170 32.90°
59 0.9126 6371.00 5.8140 46 - 59 52.4030 38.84°
60 1.5344 6371.00 9.7756 46 - 60 50.6747 49.55°
EU-AF-C 42000  6371.00  26.7582 46-EU-AF-C 261669  66.52°
EU-AF-S 08000  6371.00  5.0968 46-EU-AF-S 27.8008 5625
NA-PA-C 3.0000 6371.00 19.1130 NA-PA-C 19.1130 185.00°
Pacific —65.25° 136.77° *AU-PA-C 22000  6371.00 14.0162 NA-PA-C-AU-PA-C 14.7433  138.26°

EU-PA-C 0.1000 6371.00 0.6371 NA-PA-C-EU-PA-C 14.2742 136.56°

Note: *denotes this force is changed from 1.0 x 10"7 N listed in Table 1 to 2.2 x 107 N.

Table 5. The net driving torques and their resultant movements for three selected plates in the method IL

. Netdriving Geometric center Earth’s  Amplification
Area Ratio . . Movement
torque of the plate radius coefficient
Plate
A Tdriving K Pk Rearth u
€ ¢
Km? Nm (10®) Latitude Longitude Degrees m (10°) mm/yr
South America 43,600,000 0.30 2.8640 -24.39° 313.66° 83.84° 6371.00 1.20 11.71
Africa 61,300,000 0.40 11.1202 —5.57° 13.43° 56.25° 6371.00 1.20 32.33
Pacific 103,300,000  0.35 4.9960 0.10° 198.65° 136.56°  6371.00 1.20 71.82

3. Discussion
3.1. Why May Ocean-Generated Force Contribute to Plate Motion?

Based on the principle of fluid mechanics [36], a plate moving over a fluid may

be expressed with a force balance equation F = uAu/y, where F u, A, u, and y
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Figure 6. The reproduced movements from GSRM v.2.1 (black arrows) verse the calculated movements from our model (red arrows)
in the method II. (a), (b), and (c) are the South American, African, and Pacific plates, respectively.

represent the driving force, the fluid’s viscosity, the plate’s area, the plate’s speed,
and the thickness of the fluid, respectively. This relationship is illustrated in Fig-
ure 7(a). Practically, the lithospheric plates consist of the crust and the upper
mantle and extend about 100 km below Earth’s surface, most of them have a hor-
izontal dimension of several thousands of kilometers. Beneath the plates is the
more fluid asthenosphere, which extends from roughly 100 km to 700 km below
Earth’s surface. These features allow us to apply the equation above to estimate
the force that is necessary to maintain the movement of the lithosphere over the
asthenosphere, where £ y, A, u, and ynow denote the driving force, the astheno-
sphere’s viscosity, the lithosphere’s area, the lithosphere’s speed, and the asthen-
osphere’s thickness, respectively (Figure 7(b)). The lithosphere’s area and the as-
thenosphere’s thickness have been well established, while the viscosity of the as-
thenosphere remains a high uncertainty, which has been extensively discussed in
Section 5. We here assume the lithosphere to move at a speed u = 3 cm/yr, alt-
hough the fact is not so because it has been fractured into individual plates whose
movements are various in both speed and direction. Given y = 300 km (Jordan,
1974), A = 510,000,000 km? [32], and g = 10" - 10? Pas, the driving force calcu-
lated through the equation above ranges from 1.6172 x 10" to 1.6172 x 10% N.
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This result indicates that, if we want the lithosphere to move at a speed of 3.0 cm
per year over the asthenosphere, a driving force of 10" - 10 N is necessary, and
that this force is simultaneously countered by a resistive force from the astheno-
sphere, creating a force balance that enables the movement to be realized steadily.
And now, we ideally divide the lithosphere into individual plates, and exert a driv-
ing force to one of these plates, the plate encounters resistance from adjacent
plates and the underlying viscous asthenosphere. Since all of plates are physically
attached to the underlying asthenosphere, the upper limit of the total resistance
force undergone by this plate would be 10'® - 10*° N. Thus, for a lithospheric plate
to move over the underlying asthenosphere, a driving force whose magnitude
matches this upper limit of the total resistance force is required.

The continents are fixed on the top of the lithosphere that is composed of indi-
vidual plates, and the plates connect to each other, this frame enables the ocean-
generated force to be laterally transferred to the plates. As shown by Yang [33],
the ocean-generated force (i.e., the horizontal force F) is generally at a magnitude
of 10" N, this amount has fallen within the range of the upper limit of the total
resistance force. As illustrated in Figure 7(c), three plates are totally designed in
the model; along the vertical direction, the weight of each plate is balanced out by
the support from the asthenosphere; thus, we only need to discuss the force bal-
ance along the horizontal direction. Fag, Far, Fci, and Fer are the ocean-generated
horizontal forces, Fu. and Frr are the ridge push forces, Fip is the slab pull force,
Fa, Fun, Fop, and Fic are the collisional forces between three plates, £, £, and £
are the basal friction forces exerted by the asthenosphere. According to Forsyth &
Uyeda [22], if there is thermal convection in the asthenosphere, f.. would be a
driving force [16] [17] [20] [21]. If, instead, the asthenosphere is passive relative
to plate motion, f.. would be a resistive force. Clennett et al [35] recently treated
mantle flow as a resisting force opposite to plate motions. Here, we assume fs to
be a resistive force. Trench suction is neglected. It’s worth noting that we now
include slab pull in this model, which is intended to show that this force may be
incorporated into our modelling of force balance. Each of these forces can yield a
torque relative to the Earth’s center, because torque is a product of force and lever
arm, and therefore the lever arm may be represented with the Earth’s radius since
plate is too thin relative to the Earth’s radius, the lever arm length of one plate
may be approximately equal to that of another plate. This situation allows us to
simplify the torque balance into the force balance for the discussion. We assume
that Plate A and B rotate counterclockwise whereas Plate C rotates clockwise.

For Plate A, we set Fry = 4.0 X 10> N m™, this magnitude is widely accepted by
geophysical community [31]. We assume the ocean depth to be 5.00 km at the
right and 3.00 km at the left, respectively. This assumption is reasonable because
the ocean depths around the world are various from one place to another. These
two depths correspond to Far = 0.1225 x 10> N m™ and Fy = 0.0441 X 10> N m™,
the final combined force of these two forces would be Fyr — Far = 0.0784 x 102 N
m. We set Fa = 4.05 X 1022 N m™}, and use Fy = 4.0 x 10> N m™ and a little
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portion of the final combined force, which is represented by Far. = 0.05 x 10> N
m’, to balance out Fs, and use the remaining final combined force Frar, = 0.0284 x
10" N m™" to balance out the basal friction force fi. The force balances for this
plate would be Fpa — Frr — Fare = 0 and Frare — 4 = 0.

For Plate B, which is an oceanic plate, we set Fop = 4.0 X 102 N m™, due to Fya =
Fip=4.05x 102N m, thus, Fas — Fcs = 0.05 x 10> N m™". We use this combined
force and the net slab pull to balance out the basal friction force. As exhibited in
Figure 7(c), the direction of the slab pull Fp is tilt and downwards, this means
that its contribution to the horizontal plate motion is largely discounted by the
geometry of force. We here term the net slab pull that contributes to the horizontal
plate motion as Fysp. Schellart [63] estimated the net slab pull Asp to be at a mag-
nitude of 4.1-6.1 x 10 N m™’. As a result, the force balance for this plate would
be Fsa — Fep + Fasp — £, = 0.

Velocity u

Asthenosphere

(b)

“Plate & —~

Asthenosphere

Figure 7. Conceptual model for the force balance of fluid mechanics. (a) A plate moving over a fluid. (b) The lithosphere moving
over the asthenosphere. (c) The lithospheric plates moving over the underlying viscous asthenosphere.

For Plate C, we set Fir = 3.95 X 10> N m™, and assume the ocean depth to be 4
km at the left and 6 km at the right, respectively. These two depths correspond to
Fer=0.0784 x 102 N m™' and F-1 = 0.1764 x 10" N m}, the final combined force
of these two forces would be Fer-Fer = 0.098 x 102 N m™.. Due to Feg = Fic = 4.0 X
102 N m™, we use Frr = 3.95 x 10> Nm™" and a little portion of the final combined
force, which is represented by Foir = 0.05 x 10> N m™, to balance out Fic, and use
the remaining final combined force Frcir = 0.048 x 10> N m™ to balance out the
basal friction force £. The force balances for this plate would be Fsc — Frr — Forr
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=0and Frer — ££=0.

These force balances allow three plates to be steadily rotated. We find, even if
the ridge push force Fu. (Fr) is given a smaller amplitude (~10"° N m™, for exam-
ple), so long as the collisional force Fsa (Fas, Fcs, and Fic) is properly valued, these
force balances can always be realized. Nevertheless, as demonstrated by Yang [33],
a ridge push force of 4.0 x 10" N m™ would result in a horizontal stresses that are
mostly concentrated on the lower part of the lithosphere, which is not agreement
with the observed stresses that are mostly concentrated on the uppermost part of
the lithosphere [64]-[66]. Hence, we prefer to accept the ridge push force to be
smaller than ocean-generated force. Our demonstration reaches a point that irre-
spective of whether slab pull is included or not included, the force balance within

our model remains consistently achievable.

3.2. How Does Plate Motion Realize Mechanically?

Thus far, we have concluded that ocean-generated force is able to combine the
ridge push force, the collisional force, and the shearing force to satisfy the kine-
matics and geometry of plate motion. Now, let us address how plate motion can
be mechanically realized. As shown in Figure 7(c), it is assumed that the depth of
Ocean 1 is greater than that of Ocean 2. If we use a part of Ocean 2 that connects
to Plate A, which is equal in length to Ocean 1, to do comparison, the depth dif-
ference between this part of Ocean 2 and Ocean 1 creates a net gravitational po-
tential energy relative to the asthenosphere reference level. As Plate A and Plate B
move away from each other, this separation would require the Ocean 1 depth to
decrease as the basin elongates horizontally, and require the Ocean 2 depth to
increase as the basin shortens horizontally. Consequently, the net gravitational
potential energy decreases. Therefore, if there were no external energy inputs to
compensate, the net gravitational potential energy would eventually disappear,
terminating plate motion. Tides may be supplying this energy. Tides represent the
regular alternations of high and low water on Earth; when high water falls, the
gravitational potential energy converts into kinetic energy, then, ocean water ob-
tains movement. As all oceans are physically connected, part of the water in Ocean
2 may travel via passages to compensate the decreasing ocean depth of Ocean 1,
thus sustaining the net gravitational potential energy. Given the basal friction
force frusw = 1.62 x 10" N and the movement distance u = 3 cm/yr for the litho-
sphere, an energy of Q| = fosw X u = 4.86 x 10 J/yr is required to satisfy this
movement distance. This energy also represents the net gravitational potential en-
ergy. The ocean water level often increases twice a day due to tides, and the result-
ant height is assumed to be A= 0.3 m. Given the gravitational acceleration g= 9.8
m/s, the volume v = 1.35 x 10° km® and density p = 1000 kg/m* for the whole
ocean, and consequently, the gravitational potential energy obtained by ocean wa-
ter due to tides during a year would be @ =2 x 365 x pvgh = 2.9 x 10* J/yr. The
transformation from gravitational potential energy to kinetic energy within ocean

water and the energy transition between oceans must be complicated, and we
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believe that a small part of this tidal energy is enough to supply the net gravita-
tional potential energy. In fact, the impact of tidal energy on plate motion has long
been discussed. Rochester [67] showed that the total energy released due to tidal
friction exceeds 5 x 10 ergs/s. Several authors [68] [69] concluded that the dissi-
pation in both shallow seas and on the solid Earth is approximately 2 x 10* ergs/s,
and this amount of energy exceeds the lower bound set by seismic energy release
by 2 orders of magnitude [70] and might be driving the plate motion. Other au-
thors (e.g., [71] [72]) reevaluated the energy budget and found that the total en-
ergy released by tidal friction may reach up to 1.2 x 10* J/yr, and approximately
0.8 x 10% J/yr is dissipated in the oceans, shallow seas, and mantle, and the re-
maining energy is enough to maintain the lithosphere’s rotation, estimated at ap-
proximately 1.27 x 10" J/yr. In contrast to these studies, we provide another in-
sight: the tidal energy obtained by ocean water may feed plate motion.

Our understanding of the impact of ocean on continent and lithospheric plate
suggests that the ocean-generated force may have significantly contributed to the

evolutions of continent and plate tectonics, but what’s the detail of them?
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