Geoscience Frontiers 9 (2018) 403—414

HOSTED BY

journal homepage: www.elsevier.com/locate/gsf

Contents lists available at ScienceDirect ’
GEOSCIENCE
China University of Geosciences (Beijing) FRONTIERS

Geoscience Frontiers

Focus Paper

The westward drift of the lithosphere: A tidal ratchet?

A. Carcaterra?, C. Doglioni ™

Check for
updates

2 Dipartimento di Ingegneria Meccanica e Aerospaziale, Sapienza University, Rome, Italy
b [stituto Nazionale di Geofisica e Vulcanologia, Rome, Italy
¢ Dipartimento di Scienze della Terra, Sapienza University, Rome, Italy

ARTICLE INFO

ABSTRACT

Article history:

Received 4 August 2017

Received in revised form

28 October 2017

Accepted 15 November 2017
Available online 6 December 2017
Handling Editor: M. Santosh

Keywords:

Westward drift of the lithosphere
Tectonic equator

Low-velocity layer
Asthenosphere viscosity

Is the westerly rotation of the lithosphere an ephemeral accidental recent phenomenon or is it a stable
process of Earth’s geodynamics? The reason why the tidal drag has been questioned as the mechanism
determining the lithospheric shift relative to the underlying mantle is the apparent too high viscosity of
the asthenosphere. However, plate boundaries asymmetries are a robust indication of the ‘westerly’
decoupling of the entire Earth’s outer lithospheric shell and new studies support lower viscosities in the
low-velocity layer (LVZ) atop the asthenosphere. Since the solid Earth tide oscillation is longer in one side
relative to the other due to the contemporaneous Moon'’s revolution, we demonstrate that a non-linear
rheological behavior is expected in the lithosphere mantle interplay. This may provide a sort of ratchet
favoring lowering of the LVZ viscosity under shear, allowing decoupling in the LVZ and triggering the
westerly motion of the lithosphere relative to the mantle.

© 2017, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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licenses/by-nc-nd/4.0/).

1. Introduction

The lithosphere is broken in a number of plates (Bird, 2003)
that move along a coherent mainstream, best defined by a sort of
tectonic equator (Doglioni, 1993; Crespi et al., 2007). Moreover,
the lithosphere has a “westerly” rotation relative to the under-
lying mantle (Le Pichon, 1968; Doglioni, 1993; Gripp and
Gordon, 2002); however, its origin is still debated (Bostrom,
1971; Moore, 1973; Jordan, 1974; Ranalli, 2000; Scoppola et al.,
2006; Riguzzi et al, 2010). As a function of the reference
model, the rotation has been estimated either as a slow acci-
dental residual (0.1°—0.2°/Ma) due to the faster “westerly”-
directed motion of the Pacific plate (e.g., Ricard et al., 1991;
Torsvik et al., 2010), or a much faster rotation (>1.1°—1.2°/Ma)
affecting the entire external lithospheric shell, although
segmented in plates having different velocities (Crespi et al.,
2007; Cuffaro and Doglioni, 2007, 2017). Regardless of the rate,
Pacific hotspots tracks like Hawaii demonstrate that the litho-
sphere shifts relative to the source of the hotspot, being the

* Corresponding author.
E-mail address: carlo.doglioni@uniromal.it (C. Doglioni).
Peer-review under responsibility of China University of Geosciences (Beijing).

https://doi.org/10.1016/j.gsf.2017.11.009

decoupling inferred within the low-velocity zone (LVZ), atop the
asthenosphere (Fig. 1), which is in average between 100 and
200 km depth or even thinner (Rychert et al., 2005; Panza et al.,
2010; Schmerr, 2012). Anderson (2011) and Rychert et al. (2013)
have demonstrated that the last residence of the magma
chamber beneath Hawaii is located at the top of the astheno-
sphere, within the LVZ, the inferred decoupling. Moreover,
whatever are the origins of the hotspots and the rate of the net
rotation (Doglioni et al., 2005), plate boundaries such as sub-
duction and rift zones are asymmetric, supporting a global
rotation of the lithosphere with respect to the mantle (e.g.,
Doglioni et al., 2007, 2015; Doglioni and Panza, 2015; Ficini et al.,
2017), which is more consistent with the faster kinematic
models and the global asymmetries along plate boundaries
moving along the tectonic equator (Fig. 2). Moreover, the
computation of the lithospheric volumes recycled in the mantle
by subduction zones is about three times larger (about 230 km?)
along W-directed subduction zones with respect to the opposite
E- or NE-directed slabs (about 70 km?) as computed by Doglioni
and Anderson (2015). This implies an 'easterly' directed mantle
flow to compensate the volume unbalance. The tectonic equator
represents the mainstream of plate motions and it is inclined
28°—30° relative to the geographic equator. This angle can be
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Figure 1. Simplified section of the Earth viewed from above the North Pole. The Earth is not perfectly elastic and it reacts with a few minutes delay to the Moon gravitation.
Therefore the tidal bulge, exaggerated in the figure, is slightly misaligned relative to the Earth-Moon gravitational line. This generates a permanent torque toward the “west”,
opposite to the Earth’s rotation, responsible for the tidal drag and the secular deceleration of the Earth’s spin and the Moon'’s receding. The torque may also activate the “westward”
drift of the lithosphere, relative to the underlying mantle, which is allowed by the presence of the low-velocity layer (LVZ). This layer has low viscosity due to the presence of partial
melting. The effective viscosity in a granular layer with intervening melt in the pores is much smaller when measured for a shear parallel to the bedding (e.g. induced by horizontal
plate motion) with respect to a vertical load (e.g., induced by ice formation or melting). The viscosity under shear is also assumed at least two orders of magnitude lower with
respect to the vertical loading that is the usual way it is computed. The tidal torque occurs contemporaneously to the semidiurnal and diurnal tidal oscillations. This mechanical

setting enhances a non-linear rheology of the mantle.

explained by the Earth’s precession and the Maxwell time of the
lithosphere. In fact the ratio between viscosity and rigidity is
about 10'% s, i.e., the tectonic equator is the bisector of the angle
generated by the oscillating Earth’s axis that lasts
20,000—-26,000 years (Doglioni and Panza, 2015; Cuffaro and
Doglioni, 2017). The tectonic equator best represents also the
net rotation or the westward drift of the lithosphere; moving
toward the poles of the tectonic equator, plate velocities and
seismicity at plate boundaries decrease, as well as ocean
spreading rates and size of the orogens rates (Cuffaro and
Doglioni, 2017). In their rotation along the mainstream, plates
may also have a second sub-rotation that may apparently
complicate or hinder the main flow (Cuffaro et al., 2008). It is
important to note that the angle between the tectonic and the
geographic equators is close to the sum of the inclination of the
Earth’s axis relative to the ecliptic plane (23°), plus the angle of
the Moon'’s revolution around the Earth (5°).

The key question is: what causes the net rotation? Is it simply
due to the fast motion of the Pacific plate toward the west-
northwest due to the slab pull, or is it related to astronomical
mechanisms such as the Earth’s rotation and the consequent body
tides generated on the solid Earth by the Moon and the Sun? An
astronomical tuning of plate tectonics is suggested by seismicity
decreasing toward polar areas (Riguzzi et al., 2010).

The slab pull is often invoked to explain the net rotation of
the lithosphere (Ricard et al., 1991). However, the slab pull
model is based on far too high values of negative buoyancy (e.g.,
40-100 kg/m?) with respect to the real Earth, where only the
middle lithosphere can be inferred heavier than the underlying
mantle of about 30—40 kg/m> maximum, but only in lenses
within the lithospheric mantle (Afonso et al., 2008). Therefore,
in average, the lithosphere ab-initio should have a bulk density
in average lower than the underlying mantle. Subduction con-
tributes to weigh the slab due to phase changes (van Keken et al.,
2011). However, no relation among slab dip and age and tem-
perature of the downgoing lithosphere can be observed
(Cruciani et al., 2005). A long list of counterarguments on the
slab pull efficiency is in Doglioni and Panza (2015). On the other
hand, the tidal drag computed by Bostrom (1971) is energetically
feasible for driving plate tectonics (e.g., Riguzzi et al., 2010). The
main reason for discarding tidal drag as an effective mechanism
to drift the lithosphere to the west has been so far the viscosity
of the asthenosphere (Jordan, 1974; Ranalli, 2000). Values
inferred from different techniques report variations from ultra-
low viscosity (10'% Pa s, Jin et al., 1994) to much higher values
(10" Pa s, e.g., Cathles, 1975). Pollitz et al. (1998) and Hu et al.
(2016) suggested values of 5 x 10'7 Pa s. However, present
techniques (e.g., glacial isostatic adjustment) are below the
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Figure 2. Mainstream of plate motions and trend of the tectonic equator that makes an angle of about 30° relative to the geographic equator. Yellow arrows indicate the relative
velocity at major plate boundaries. The net rotation or westward drift of the lithosphere have been computed between 0.2°/Ma and 1.2°/Ma (thick black arrow) as a function of the
hotspot reference frame. The red dot indicates the pole of rotation of the lithospheric rotation. The westward drift of the lithosphere implies that the underlying mantle is flowing
‘easterly’ relative to the lithosphere. Notice that all plate boundaries shift ‘westerly’ along the undulated flow relative to the mantle. Lower panel shows the main asymmetries at
subduction zones consistent with the westward drift of the lithosphere (after Cuffaro and Doglioni, 2017).

detection threshold capability to resolve such a thin layer due to
the channel flow model of Cathles (1975). Therefore, a thin low-
viscosity layer at the top of the asthenosphere cannot be
detected with present techniques and seismological resolution
(Scoppola et al., 2006) and the values presented in the literature
represent the bulk viscosity of the whole upper mantle or
possibly the asthenosphere (Fig. 3), ignoring the LVZ that may
actually represent the basal decoupling of the lithosphere.
Higher resolution of viscosity in the LVZ may probably be
reached by electromagnetic studies, showing higher conductiv-
ity at the lithosphere base of the Cocos plate (Naif et al., 2013).
Here pargasite breakdown (Green et al., 2010) may explain the
higher water content of the upper asthenosphere, generating a
drastic decrease in viscosity and facilitating melting, a factor
which also effectively lowers the LVZ viscosity (Kohlstedt and
Hansen, 2015 and references therein). Moreover, a viscosity
contrast of 8—10 orders of magnitude between the lithosphere
and the asthenosphere can trigger decoupling between the two
layers regardless their absolute value (Doglioni et al., 2011).
Another issue frequently ignored in viscosity computation is
that the LVZ is more viscous under vertical loading or unloading
with respect to horizontal shear. Intergranular partial melting may

lower the viscosity up to three orders of magnitude (Fig. 1) as
suggested by Scoppola et al. (2006). Similar results have been
described by Hansen et al. (2012).

In this paper we present a new analytical model able to explain
that even with a high bulk viscosity of the upper mantle, a rela-
tively thin layer with reasonable lower viscosity can allow
decoupling between lithosphere and asthenosphere driven by the
tidal drag.

2. Model setup

Our model illustrates how the gravity force exerted by the
Moon, in its relative motion with respect to the Earth, can poten-
tially generate a circumferential drift of a tectonic plate (Fig. 4). A
main result is that the tidal forces, besides the macroscopic well
known oscillatory motions, can originate an unexpected one-way
drift along directions tangent to the Earth surface. The model
claims for a tidal ratchet effect borne from a nonlinear phenome-
non that breaks the symmetry of the tidal force (Fig. 5). This phe-
nomenon has analogy with phenomena observed in totally
different fields, where the evolution of systems under unbiased
external potentials have been observed, on average, directed one-
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Figure 3. The occurrence of a few tens of km thick ultra low viscosity layer such as the low-velocity zone (LVZ) is invisible in the bulk viscosity of the upper mantle when computed
with glacial isostatic rebound (Scoppola et al., 2006). Dashed line, simplified viscosity profile.

way (Leoncini et al., 2009). Examples come from plasma physics,
through the transport effect born on charged electric particles in an
oscillating electromagnetic field, or from Brownian motion
immersed in an oscillating spatial periodic potential, or even from
biological motors (Reimann, 2002).

We point out that the towing gravitational effect is caused by
the tidal force distribution, as a dynamic process, since horizontal
tidal force is seen at the Earth surface as a traveling wave load. This
invests material points on the surface, producing their back and
forth small motions, that are not perfectly symmetric. The small
asymmetry produces a net drift motion of any material point
interacting with the gravitational wave force, in the direction

following the Moon’s rotation. Drift is shown to be second order
with respect to usual tidal oscillations.

This toy-model is conceived as a simplified analysis of more
complex phenomena taking place during the gravitational mutual
Earth-Moon interaction. Nevertheless, the proposed model pro-
vides a physical self-consistent mechanism to interpret the tectonic
displacement as a nonlinear effect arising in the interplay between
the gravitational force and the vertical distribution of viscous-
elastic properties of the mantle.

More precisely, our analysis assumes moving point masses,
equipped with rheological models controlled by a rather general
transfer function (physically including elastic and viscous stress)

Figure 4. Sketch of the mechanical model of the Moon-plate interaction. M, Moon; P, plate; C, Earth center; Ggy, center of Earth-Moon mass. See text for explanation.
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Figure 5. Asymmetric length of the body tide along the Earth’s circumference due to the change in position of the Moon during the day. The body tide has a vertical and a horizontal
component. The longer action of the horizontal component should determine a isoriented westerly directed torque, besides the torque exerted by the Earth’s bulge misalignment, as

the action of a ratchet. M, Moon; P, plate; C, Earth's center. See text for explanation.

and able to account for Newtonian, Maxwell, Voigt, Zener, Burgers
and other generalized rheological models. In all these cases we see
a daily tidal oscillation onto which a drift uniform motion of the
tectonic plate is superimposed.

The Moon also is lumped into a point mass rotating over a cir-
cular orbit at a constant angular speed (with respect to the Earth),
with its center collapsed into the Earth’s one. Moreover, only the
circumferential (tangent) motion of the mass is considered,
neglecting any possible radial displacement both of the plate as
well as of the inner mantle (Fig. 4). All these hypotheses can be even
relaxed complicating the model, introducing an elliptic orbit
(together with a variable Moon orbital speed) and a tidal radial
motion; moreover, also the point mass associated to the surface
plate can be expanded considering an elastic body of finite length
over the circumference. However, all these effects are unnecessary
to explain the plate drift, and have a weak qualitative influence in
the present investigation, not inhibiting the outlined mechanism of
drift generation.

The drift mechanism does not operate if the lithosphere is
considered a perfect rigid body. In fact, the model needs the ma-
terial particles on the Earth surface have some individual degree of
mobility to be responsive to the traveling gravitational load.
Therefore, detailed properties of the combined tidal oscillation and
tidal drift can depend on the details of the rheology of the viscous-
elastic lithosphere, not investigated here. Nevertheless, if the lith-
osphere has some degree of deformability, the described effect
constantly appears. Final quantitative remarks about coupled plates
systems are reported at the end of the paper.

One major result is that the tidal gravitation force lasts slightly
longer when the plate on the Earth surface is rotating in the sense
of the Moon’s revolution, because of a non-linear behavior, and a
tiny permanent westward displacement once a day appears. Under

some assumptions, we determine an analytical expression for the
drift velocity of the plate due to this mechanism. A physical inter-
pretation of the mathematical model described above is given by
means of simple mechanical considerations.

3. Method

In Fig. 4, the Earth’s reference systems is Reyy. The angles that at
the time t CM and CP form with X/, are ¥(t) and ¢(t), respectively.
The Moon M, with mass m, is rotating over the circumference vy (of
radius R) at a constant angular speed wy with respect to the Earth.
The period of the Moon rotation is Ty;. The motion of the plate P,
with mass my, in the reference frame Rexy is described by ¢, with
the plate running over the circumference yg of radius r and center C.

Finally, X, z are the local tangent and normal unit vectors along Y.
Gem is the gravity center of the Moon-Earth pair, at radial distance
Rc = (3/4)r from the Earth’s center C, and along CM. The Moon-
Earth system rotates about Gen, generating on the point masses
on the Earth an inertial force field E) usually estimated equal to the
center C centrifugal force. The gravitational force E the Moon

—
exerts on the generic point mass mpat P, and f;,, at the same point
P;, have form:

— mmp=— — mmp——:
fo = G—5PM, f = GRZRPGemC
PZM' ¢
57 _ J Rsind—zsing | =—= [ —Rgsind
PZM_{Rcosﬁ—zcosw}’ Gemc_{—RGcosﬂ} M

The vectors components refer to the Earth’s reference system,
and G is the gravitation constant. Tidal force is borne as a
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superposition of the Moon's gravity force at each point on the Earth,
and the inertial force, i.e.itis fg + fi,,atany point P, on the Earth,
and has component fy along z and at any angle ¢

flp—0.2) = (E+ﬁ) X = foF(0 - 0.2)

5 { cos ¢ }’ fo = cmmp

—sin ¢ R2
X —0,2) = [l +6%-26 cos(d — q))r/z
6=2 FW—-92) = {;71 sin(® — o)
N R7 q” B X(’l9 - (p7z) w
U = wMt (2)

In case the point mass P, identifies the plate P on the Earth’s
surface, i.e. z = r, its equation of motion along vg is:

mp 1 §(t) + Atx(E,1) = fx(9 — o,1) (3)
where A is the plate surface, t4,(t,r) the shear stress at z =r.

A good approximation of the tidal force (1), used in the
following and usually accepted in the scientific literature (Elmore
and Heald, 1969), comes from the small parameter 6 = z/R < r/
R < 1, that makes it possible the first order Taylor series for F in
terms of ¢:

F(® — ¢,0)== 0 Sin(Quyt — 2¢) (4)

N W

This expression represents a wave load traveling over the Earth
surface at speed cwg = Wy T.

While a strict analysis of the solution to Eq. (3) with Eq. (4) is
examined later, the underlying physical mechanism leading to the
plate drift motion excited by the wave load (Eq. (4)), can be outlined
on the basis of more intuitive mechanical considerations.

As first, we can study a single force cycle the Moon exerts on the
plate during a single rotation about the Earth, over a half period
Ty/2 being the entire phenomenon just a repeated sequence of
similar cycles with a_l)terna_tg signs.

At any point P, f; + f;, exhibits normal and tangent compo-
nents, respectively. The last is of interest in the plate drift phe-
nomenon studied here. Space distribution of both forces along the
Earth’s circumference (as it appears from Egs. (2) and (4) for the
tangent component) follows approximately sine and cosine func-
tions, respectively, that wrap the Earth completing two periods
along the circumference (or twice a day). The main known effects of
tidal force are the almost ellipsoidal shape deformation of the Earth
and the ocean tides. We show here an additional important prop-
erty of the tangent tidal component. In fact, any tidal oscillation on
the Earth surface, is shown to have as side effect, an associated very
slow, one-way, drift motion, following the Moon’s rotation, that can
form the basis for the tectonic plates motion.

The polar diagram of the tangent force distribution provided
by Eq. (4) is depicted in Fig. 6. It consists of four lobes. Two
produce a positive tangent component, represented by red
curves, the other two, represented by blue curves, produce a
negative force on the plate P. Since this force distribution is
perceived, by an observer on the Earth, as a traveling wave force,
the diagram rotates following the Moon. Three successive con-
figurations along the Moon'’s rotation are sketched in Fig. 6a—c.
We start with the Moon, the plate and the Earth centers M, P and
C, respectively, along the same line (Fig. 6a). In the absence of any
displacement of the plate P, the Moon, completing a single rela-
tive rotation about the Earth, exerts on the plate a tangent force fy
having zero average. In fact, each lobe covers 90° and positive and
negative forces simply alternate along angles of equal extent

(namely 90° each), so that at each fixed point over the Earth
surface the average force is zero.

The zero towing effect of this configuration, would amount to
the symmetry of the problem when neglecting the small plate
motion, that is indeed certainly present because of the applied
traveling force. In fact, in the first quarter force cycle, corre-
sponding roughly to 90° of Moon clockwise rotation, the plate is
subjected to the positive half-wavelength tidal force, and starts
along the positive angular clockwise direction, following the Moon
rotation. The plate P describes during this interval a very small
angle Agpositive Under the tidal force and the viscous resistance of
the mantle (in Fig. 6b it is magnified to make the effect more
visible). Due to this small drift motion of the plate, the positive
force cycle ends with a delay with respect to the expected 90° of
Moon clockwise rotation, and namely after an angle
90° + Agpgsitive Of Moon rotation, since the plate is moving in the
same direction of the tidal traveling force (see Fig. 6b). Then the
plate exits its positive force cycle, and enters the second half-
wavelength of negative tidal force (see Fig. 6¢). In this second
quarter force cycle, the plate moves anticlockwise, opposite to the
Moon rotation. The duration of this second phase is for this reason
shorter than the first, and covers an angle of Moon rotation equal
to 90° — Ag@negative- The third and the forth force cycles repeat an
identical scheme. This phenomenon amounts to a net drift rota-
tion Agprift = 2(Agpositive — A@Negative) Of the plate for any complete
rotation of the Moon about the Earth.

With this brief analysis, we conclude that the force tidal tangent
distribution produces an important side effect associated to the
tidal oscillation Agtidal = 1/2(A¢Negative + A@positive): it is a net drift
rotation of the plate measured by an angular speed wprift = Aprift/
Tm/2 = 2[Ty(Agpositive — A@Negative)- The typical qualitative trend of
the angle of rotation of the plate follows as plotted in Fig. 6d.

The drift effect is borne by the wave force symmetry breaking
due to the small plate displacement under the action of the trav-
eling wave force caused by the Moon'’s gravitation. Mathematical
counterpart for this effect is in Eq. (3), where the force fy(¢ — ¢,r)
depends nonlinearly on the plate rotation. This physical effect is
similar to the ponderomotive force met when an electron is
traveling into an electromagnetic wave. Note that the plate is
assimilated here to a single material point sliding over the Earth
surface. Reality is more complex, but this drifting effect is defi-
nitely driving the motion of all the material points of the crust, the
mantle and deeper layers, provided that they have a degree of
relative mobility, i.e. they belong to a deformable material body.

One important geodynamic condition to support this model is
that of a viscous drag that allows for a sufficient degree of mobility
of the point plate, such that the difference between the fluctuations
Agpositive — ApNegative 1S large enough to be in agreement with the
annual drift displacement observed for the tectonic plates, or to be
a component of the driving plate process. Global estimates of
Earth’s viscosity, meaning reference single average values of the
mantle viscosity, are not suitable since a key role is played by the
vertical distribution of viscosity, by its gradients and by the details
of the rheological model of the mantle.

Therefore, a second important element arising from the model
is the comparison between the effective viscosity nef and the
average viscosity 1 of the mantle. It appears that the two values ¢
and 7, can be considerably different, showing in this way that even
for a mantle bulk with a large average viscosity, the drag experi-
enced on its surface from the plate, can be equivalent to an effective
viscosity that is several order of magnitude less than the average
viscosity of the profile.

This remark suggests a certain carefulness in the formulation of
arguments against the chance of the tectonic plate motion driven



A. Carcaterra, C. Doglioni / Geoscience Frontiers 9 (2018) 403—414 409

Tidal travelling force

Positive

Negative

App,in = A e ~ AOegarive
Porifi = APposiive ~ APNegarive ) A?,wguli\'u

C)

Positive

Positive

Negative

Positive

Positive

ON @
=

‘ PLATE ROTATI

TIME

Figure 6. Mechanical model for the westerly directed lithospheric drift. Panel (a): Moon (M), the plate (P) and the Earth (C) centers are initially aligned. In the absence of any
displacement of the plate, the Moon, completing a single relative revolution about the Earth, exerts on the plate a tangent force having zero average, implying at the end of the cycle,
the cumulative net plate response amounts to zero. The zero towing effect of this configuration, would amount to the symmetry of the problem when neglecting the small plate
motion that is indeed certainly present because of the applied traveling force. In fact, in the first quarter force cycle, corresponding roughly to 90° of Moon clockwise rotation, the
plate is subjected to the positive half-wavelength tidal force, and starts along the positive angular clockwise direction, following the Moon rotation. The plate P describes during this
interval a very small angle under the tidal force and the viscous resistance of the mantle (in Panel b it is magnified to make the effect more visible). Due to this small drift motion of
the plate, the positive force cycle ends with a delay with respect to the expected 90° of Moon clockwise rotation, and namely after an angle 90°+ of Moon rotation, since the plate is
moving in the same direction of the tidal traveling force (see Panel b). Then the plate exits its positive force cycle, and enters the second half-wavelength of negative tidal force (see
Panel c). In this second quarter force cycle, the plate moves anticlockwise opposite to the Moon rotation. The duration of this second phase is shorter than the first, and covers an
angle of Moon rotation equal to 90° —. The third and the forth force cycles repeat an identical scheme. This phenomenon amounts to a net drift rotation of the plate for any complete
revolutionn of the Moon about the Earth. Lower panel (d): typical trend of the angle of rotation of the plate: oscillatory motion is superimposed to a linear trend related to the plate

drift motion. See text for explanation.

by the Moon, based on oversimplified models that refer to a generic
single value of the viscosity considered as “too high” (Jordan, 1974).

To make an exemplification related to the distinction between
average and effective viscosity, consider a profile of viscosity as in
Fig. 3.

This is piecewise constant, corresponding to an idealized case
of a bulk of total depth hy with a constant viscosity npyk into which
a low viscosity channel exists, a layer of thickness [ and depth d in
the vertical distribution, and with a lower viscosity fmin. For a
small thickness | with respect to hg, we obtain (by elemental
physics) the approximations 7=mnpy and Ner = (ho/l)Nmi. This
comparison shows that the effective viscosity, the one perceived
by the plate as a drag effect, is essentially close to the minimum
values along the vertical viscosity profile, and inversely propor-
tional to the thickness of the low velocity layer. The presence in
recent studies of a channel with a thin layer of low viscosity makes
the effective viscosity very low, even if the bulk of the mantle has,
on average, much larger values (Scoppola et al., 2006). In this case
the minimum viscosity is several order of magnitude less than the
average and even the existence of a thin low viscosity layer (for
example about 20 km), characterized by a ratio ho/l = 10 =+ 10% can
produce an effective viscosity of about 9—11 orders of magnitude
less than expected form the bulk average viscosity.

An additional element modifying the drag experienced by the
plate is that the viscosity, for a large class of rheological behaviors,
appears to be frequency dependent (in general decreasing for an
increasing frequency).

Finally, the gravitational traveling load acts not only on the Earth
surface, i.e. directly on the plate, but also on the deeper layers of the
Earth, producing a further reduction of the perceived drag from the
plate and the effective viscosity of the materials underlying the
plate.

The previous arguments outline a nonlinear mechanism that
induces a plate drift effect besides tidal oscillations. This process,
combined with the chance of a reduced drag experienced by the
plate due to an effective viscosity much smaller than the average
viscosity of the mantle and the pulling effect also on deeper layers,
permits a plate motion sufficient to incept this nonlinear mecha-
nism. Since recent studies (Scoppola et al., 2006) support the idea
of a low viscosity channel in the upper asthenosphere, corre-
sponding to the low velocity layer, even if of small thickness, we
conclude that the mechanism of plate motion driven by the Moon
gravity force is feasible and leads to plate speed compatible with
the experimental ones.

The analysis ahead provides mathematical basis to solution to
Eq. (3) keeping the outlined mechanisms.
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To complete Eq. (3), the expression of the interaction force
Aty(t,r) between the plate and the mantle must be determined.

In the present analysis, the rheological model is by a t-vy rela-
tionship (Mainardi and Spada, 2011, and references therein)

d Xz
Z B e (5)

where dv,,/dt is the strain rate. Equation (5) includes rheological
models as Newtonian, Maxwell, Zener, Burgers and other general-
izations, such as frequency dependent viscosity. The constitutive
relationship along the depth z in the Laplace domain, reads
Tx(5,2) = H(5,2) Tx(5,2),  H(5,2) = N(5,2)/D(s5,2) = 5L 161 (2)s*/
Zl,y:oak (z)sk and the hat denotes Laplace transform with respect to
time, ay(z), Br(z) in general complex quantities identifying rheo-
logical properties at different depth.

The differential equation for the mantle shear stress distribution
along the radial direction z is assumed (neglecting inertial forces
and with v,, = (1/2s)(dvx/02)) as

0 Txz(t,2)

o~ +mpf(t 2) =0 (6)

where now it would be fx(t,z)=(3/2)(z/R)fo sin2wpt — 2¢(t, 2)]
introducing the rotation angle of the particles at any depth z.
However, since the low viscosity layer is located at small depth
compared to r, we approximate the z dependence in the pulling
force as fx(t,z)=(3/2)(z/R)fp sin[2wpt — 2¢(t)].

Integrating twice, the shear velocity in the Laplace domain is
approximated as:

z z
. B 2sdZ p "
vx(s,2) = «a(s) Hs.Z) mp H(s z/ /fx (2",s)dz"dZ
2o
“F/U\X(S7ZO) (7)

a(s) and vx(s,zp) are suitable integration constants to be deter-
mined assigning appropriate boundary conditions at the surface
z =1, and at the bottom z = z,. Integration starts at zg, and one
bottom boundary condition can be imposed at the depth where the
shear velocity vx(s,zy) vanishes. This reasonably occurs where the
vertical axis z meets a solid and rigid surface, the points of which
are at rest with a null tangent velocity. This bottom surface can be
identified with the inner solid core (at depth z = zp), where we
assume vx(s,zg) = 0.The second boundary condition, at the Earth’s
surface (z = r), implies:

Vx(s r)

as) = 2 /1 e /fx (r.2)dz dz (8)
’ 2sdz

Is) = H(s,2)

20

To simplify, the following analysis assumes H(s,z) = ;
@2)s+ M ,Bisk/SN_ sk, where the dependence on z is
affecting only the steady part of the viscosity related coefficient
1 = B1(z), since for it a strong variability along z is known from the
scientific literature (Cadek and van den Berg, 1998, and references
therein). More precisely, we know that a low viscosity channel
exists at a depth of about 100—200 km under the lithosphere
(Riguzzi et al., 2010), where the viscosity is lowered by more than

10 orders of magnitude, strongly affecting the dynamics of the plate
on the Earth surface. Let us approximate the vertical viscosity along
z, following the investigations of Scoppola et al. (2006) with a
constant piecewise distribution

{77 = Bpui for zelzg,z;],ze[zp +1,1]

N = Bimin for zelzy,z; +1)
Bimin << Bpur: <<z

With these approximations, in the following we use the symbols
H = H(s)lg,—p, .. » N = N()lg—,.. » D =D(s),] = 3(1+z d/hr),
d = r — z;, and the plate equation of motion finally reads:

mpr D s? +

2IN| ) = L D (9)

The expression for J shows the second term z;d/hr that accounts
for the pulling gravitational effect on the deeper layers of the
mantle (the first addend of J is that directly acting on the plate).
Moreover, N and D are calculated at the low viscosity zone, showing
that the dominant viscosity comes from that region. In general, this
nonlinear equation, and its time domain differential counterpart as
well, are not available for any analytical solution. However, a
perturbation approach makes it possible to enlighten the separa-
tion of a plate drift slow motion phenomenon from the super-
imposed faster tidal oscillations.

Using the approximation Eq. (4), transforming back to time
domain with 7 = /Ty, and assuming a parallelepiped shape for the
plate, i.e. using m, = Aph, one obtains:

N I<+2 k
a d Bi/B1imin d“0(7)
szz: Tk d-L-k+2 Z Tk—l d‘Ck
I &L o, dk
= efE l T_ﬂl‘; Wsm(47rr —29) (10)
K=

where & = foTy/AB1 min, I = 2phl/B1 minTm

The physical key to determine ¢ from Eq. (10) in an analytical
form relies on the chance to examine the plate motion when the
plate rotation ¢ is small with respect to the Moon’s rotation wpyt.

This means we are interested in solutions for which ‘¢‘<<w,v,t or

‘¢)wM << 1, that is very close to what happens in reality. The
dimensionless parameter ¢ = fyTy;/AB1 min iS of the order of
magnitude of M /wp. In fact, it expresses the ratio between the

effect of the Moon'’s gravitation force fy on the plate, and the shear
viscous resistance of the lithosphere with an order of magnitude
A B1min® The equilibrium of these forces produces ¢ «fy/A 81min
and ¢/wp e fo Ty/A B1min = € << 1. This makes it possible to use a
perturbation expansion ¢ = ¢g + ep1 + 29 for the plate motion,
identifying two different amplitude scales for the force and tidal
response as e, 2.

Before illustrating the general solution to Eq. (10), let us
consider a particular case, that shows the tidal ratchet in its
simplest form. In fact, assuming a Newtonian rheological model,
the equation simplifies as:

!

—

do .

ar = asin(4nt — 2¢),
that still preserves the fundamental nature of the ratchet effect and
where the parameter a is small (it contains ¢). In fact, for Eq. (11), an

analytical solution exists:

a=¢e (11)

=|
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Var? — a2tg|(t + 19) V42 — az] +d
2w

o(t) = 2nt—tg~! {

(12)

where the constant g is to fit initial conditions for ¢(0). Mechanical
interpretation of Eq. (12) is easier if we expand this solution in
terms of the small parameter a:

2

o(1) = 2719 — %COSZ(ZW(T +70)) + :1177 (7 +%0)
+ % [4 sin(4m(t + 79)) + Sin(87(z + 70))] (13

from which the ratchet effect (a2 /4m)t comes out and amounts to a
linear growth, second order with respect to the tidal oscillation
a/2mcos?(2m(t + 19)). A one-directional motion is borne because of
the nonlinear nature of the process. From this, the ratchet
angular speed wgyenet = a2/4m Ty, follows a basic result of
this paper. Since the second order term (a?/4w)t growing in time
is dominant with respect to the oscillating term
a? /32w [4 sin(4n(t + 19)) + sin(8m(t + 19))], we have the approxi-
mate expression:

9 cos(4 a’ 14
Ecos( (T4 Tg)) a7t (14)

Exact analytical solutions as (14) are not possible when the
equation of motion has additional terms as for Eq. (10), but a
perturbation approach with ¢ = @9 + aeq + a%py (or
® = @0 + ep1 + £2) still produces the ratchet effect and it is
applicable even in the more complex case of Eq. (10). To show how
to proceed, let us illustrate for comparison the perturbation
approach to Eq. (11). Substituting ¢ = ¢g + ap1 + a’p, into Eq. (11)
produces the perturbation cascade:

p(1)= —2m1p —

doo
& 0
d .
% = sin(4nt — 29p) (15)
d
% = 20, cos(4nT — 2¢0)
the solution of which is:
T) =y —icos 4t — 2Y) ir isin 8mt — 4y
(1) = Yo — 4-cos( 0) + 27T+ 3525 0)

(16)

where ) is the constant to fit the initial condition. Neglecting the
second order oscillating term with respect to the linearly growing
(a?/4m)t, we obtain:

a a?
o(T)=yp — Ecos(4m —2¥p) +ET (17)

Comparison between Eqs. (17) and (14) shows they are identical,
provided that integration constants are chosen as Y3 = —2ntg. The
same perturbation analysis is carried on for Eq. (10). After
conceptually similar calculations for Eq. (10), the complete physi-
cally significant solution to the plate equation of motion is:

o(1) = eg1(1) + 29 (7)

= &(Z; cos 4 TT + Zg sin 4 7T) — ez%lzlr (18)

N Q ~k
TR
Z=271+]jlg = RN = i
11 & (Aqri k+2 Bic/B1imin A k
> (4t 4 3 Bl 4rj)

k=0M k=1 M

L 1
R (4m)*11 - it H2wy) (19)

The solution Eq. (18) includes the first order oscillatory terms
only, the second order oscillatory ones, yet produced by the
perturbation approach, are indeed neglected. The term
—£2(J I/R)Zyt, linearly increasing with time, demonstrates the drift
motion as a second order quantity associated to the first order tidal
oscillation. The amplitude of tidal oscillation Agriga) and the drift
angular speed wpyif are respectively:

Wprift = — AoTidal = £|Z] (20)
that is a key result of this paper. The complex number Z contains the
rheology model of the mantle, besides the minimum viscosity
appearing in e. The factor J I/R contains the information on the
depth and thickness of the low viscosity layer. Turning back to the
initial mechanical explanation of the model, Eq. (20) determine the
quantitative value for the drift angle as dop.g =
Aepositive — APNegative = —%(J1/R) Z;, and Eq. (18) supports the
trend qualitatively depicted in Fig. 6.

Note that Eq. (20) can provide values of the drift angular speed
largely depending on the choice of the rheological model. In other
words, we can conclude that a tidal drift due to the Moon gravi-
tation exists, and its quantitative effect remains with the Earth
rheology.

However, from wpgg = —2(J I/R)(Z;/Ty), one can attempt to
determine an inverse formula to estimate some rheological pa-
rameters assuming wpnr=10"1%rads~! (Jordan, 1974, corre-
sponding to a plate drift of about 2 cm/year), an average physical
significant value for plate tectonics annual drift.

From the general Eq. (19), we can assume a particular model for
Z in the form:

. J1 Mmin
Z--ijr TR (21)
Nmin + k§2 (m) Pk-1

assuming By pure imaginary or real for even k, or odd k, respec-
tively, ie. By = (=) 'pry with pr real and
ag = 1, ¢ = 0, k = 1,2.... This choice has a simple physical
interpretation. In fact, this implies H = "M 8.k = jo
(SR 1Pk @* 1) = jo(min + Sk 2P 0¥ 1), meaning we intro-
duce the frequency dependent viscosity 7(®w) = Nmin + > k—
2Mp, 1wkl = nin — u(w), as it happens frequently for a large
class of rheological behaviors (see for example Anderson and
Minster, 1979). Therefore:

.] l Nmin u (477) k-
~ AL min = uQuy) = — = ~
e o B(2wm) > Ty) Pk

k=2
(22)

The value upy represents the viscosity decrease at the
frequency of Moon rotation with respect to the quasi-static
value nmin. The previous equations together with Eq. (20) provides:

Z =
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1 I\? (Gmp hTy\ >
Nmin(Mmin — 4M) = ST TMWpritt (Jﬁ) ( 22 M) (23)

We can use the numerical values:

For example for x = 0.5 and Ay = 35°, the tidal oscillation of the
plate is reduced from 10 m to less than 5 m, with a comparable
value of the viscosity and the same drift speed of the plate. This
supports the idea that the mutual restraints between the point of

wprie =101 rad/s, 1 =7Nmin = 10" Pa-s, G = 6.67 x 1011 Nm?/kg?, m = 7.34 x 102 kg, p = 4 x 10° kg/m?,
R=384x10%m,z =61x10%m, zp = 10°m, r = 636 x10°m, | = 1.5x10°m, h = 10°m, Ty = 8.6 x 10*s

With these values, the previous equation is solved for example
for Nmin =103 Pa-s, nyin — iy =10° Pa-s. This formula provides a
reference value of viscosity 1013 Pa-s that can be in agreement with
recent estimates in the scientific literature (Scoppola et al., 2006)
and uses a rheological model that triggers a decrease of viscosity
with frequency.

The tidal oscillation mechanism described above, explains how
the Moon gravitation can be responsible for a combined ratchet drift
motion of the tectonic plates together with the known tidal oscil-
lation and the misalignment of the tidal bulge generating a perma-
nent westerly oriented torque. This result could identify Moon
gravitation as one of the potential cause for both these effects. Note
we demonstrate that, for an extremely large class of constitutive
relationships characterizing the mantle response, the plate drift
emerges due to a small nonlinear effect due to the Moon gravitation
force.

A final comment on the value obtained for A¢Tiqa; is useful. In fact,
one obtains, for a large class of rheological models d¢riqy = €Z] =
(J 1/47 R)e and, since wpyg = 1/87((J 1/R)e)?> 1/Ty=10-16 rad s 1,
it follows Aepiga = \/©prirIm/27= 107 rad i.e. about 10 m of tidal
wave displacement at the Earth’s surface. Considering this value is
for a single free-plate (considered as a point mass) without any
lateral viscous-elastic constraint, it represents only an upper bound
estimate. In fact, this value diminishes when considering, in a more
realistic description, a system of interacting plates. In this case, each
plate limits its oscillation due to the lateral force of its neighbors. This
produces a decrease in the oscillation AgTiga;, while the drift mech-
anism is less affected by this process. To qualitatively illustrate the
point, consider the previous theory applied to a binary plate P1—P2
system, consisting of two point masses at initial angular distance Ay
and interacting by a viscous mechanism such that their interaction

force is expressed by x /2 <¢1—¢2), where x = 2(712/Mmin)> and 712 is

a viscosity related to the P1—P2 interaction. The perturbation solu-
tion for the two-plates takes the form (first index is to identify the
plate, the second identifies the order of the perturbation and inertial
force is neglected) p1 = 10 + ep11 + 2012, 92 = P20 + €921 + 2922
Using an identical approach, as the one illustrated for the single free-
plate, after some mathematics we find:

1 I\ 1 , ,
wDrlft—87<E€) mm(lJrBXJrZX +x cos Ay +2x COSAI//)

Aotidal = €lZ] = TR T2y

the lithosphere, reduces the tidal oscillation and not proportionally
the tidal drift. This theory can include a set of connected plates
where their spacing is arbitrary and interaction forces are obtained
by a generalized constitutive relationship.

4. Results

The developed theory suggests that any daily tidal oscillation
due to the gravitation of the Moon, involves the ratchet drift pro-
cess of the tectonic plates as a side effect. This is due to the geo-
metric nonlinearity associated to the gravity that generates a
ponderomotive drift force on moving particles over the Earth’s
surface. This effect works regardless the rheology of the mantle is
linear or nonlinear. The order of magnitude of the drift angular
speed of a tectonic plate under this action depends on the mini-
mum viscosity in the low velocity layer and a value about
Nmin=101315 Pa-s would permit a tectonic plate drift speed of
about some centimeters per year.

5. Discussion and conclusions

Plate kinematics in the hotspot reference frame or relative to
fixed Antarctica supports a “westerly” lithospheric net rotation
relative to the underlying mantle. Two competing models have
been proposed to explain this observation, (1) the uncompensated
faster motion of the Pacific plate with respect to the other tectonic
plates due to the slab pull at its western margin or (2) the tidal drag.
The first model is at odds with the overestimation of the oceanic
lithosphere negative buoyancy. The second model was discarded
because the viscosity of the low-velocity layer was considered too
high with respect to the values inferred to allow the decoupling.
However, the Gutenberg-Richter law on the global frequency of
earthquakes supports an Earth scale mechanism governing the
tectonic energy dissipation, i.e., an astronomical tuning (Riguzzi
et al., 2010). Here we have shown that the oscillating tidal drag
exerted by the Moon is able to steadily shift the lithosphere relative
to the underlying mantle allowing the decoupling of the litho-
sphere with the present inferred viscosity values of the low velocity
layer. This nonlinear rheology derives from the asymmetry of the

(24)

5 5 1/2
(1 +2x+2x"+2xcos Ay +2x cosAx//)
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gravitational traveling load when interacting with slowly moving
bodies over the Earth's surface. Namely, the time the plates move in
direction opposed to the Moon revolution is slightly shorter than
the time they are pulled toward the Moon, producing a slow one-
directional motion of the plates. A nonlinear phenomenon of
symmetry breaking may induce the tidal ratchet that can explain
the polarization of plate tectonics, supporting the astronomical
tuning of plate motions and mantle convection under a permanent
'westerly' directed torque exerted by the tidal bulge misalignment
(e.g., Doglioni and Panza, 2015; Cuffaro and Doglioni, 2017). Rela-
tive velocity between plates can be explained by average viscosity
gradients in the LVZ planform controlled by the geochemistry,
temperature and thickness of the low velocity layer (e.g., Chalot-
Prat et al., 2017).
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e-component SUPPLEMENTARY information

The westward drift of the lithosphere: a tidal ratchet?

A. Carcaterra and C. Doglioni

Detailed mathematics of the paper

1. Bulk and effective viscosity

We want to compare the two cases of figure 2. In the absence of any horizontal force along z we
have (using notation from the mathematics of the paper):

d . v av a a(° dz’ az-z
24 -0. 4 g, o2 LA =2 275
Sl o ane)rma Gt v @0 | Eee )= S ()
For a constant bulk viscosity, we have:
Jz dz' z-z, z-z,
2z, 77(2 ) nbulk 77
In the presence of the LVZ, we have and comparing with the above:
J Todz _ L _z-z
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deducing 7,; =7, z ZZO = 1770
2. The perturbation expansion for the single plate
We provides details for the perturbation solution to equation:
N k+2 k
a_//:d k+(2 )+Zﬂk /k/)JII = —JZ akd— P77 4.7ZT 2¢) (Sl)
~ T, dr - Ty
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examine the plate motion when the plate rotation¢g is small with respect to the Moon’s one w,,¢.

where ¢ = . The physical key to determine ¢ form (S1) relies on the chance to



This means we are interested in solutions for which |(p| << a)MtorM <<1. The dimensionless
Wy

JoTu

Imin

parameter ¢ = controls the overall speed |q9| of the plate. In fact, considering f; as a constant

amplitude tidal driving force, the steady state speed of the plate under this force is simply —2— fo ,

Imin

So 1 Slw 1
w, 2w AP 27w

that implies the dimensionless parameter ¢ verifies the inequality £<<1

Imin

for the condition |(p| << w,,t to hold.

This makes it possible to use a perturbation expansiong = g, +£¢, + £, +... for the plate motion,
where the ¢, will be determined in analytical form, revealing the presence of an oscillatory motion

at a lower order, and a drift motion at a higher order. Using a Taylor series up to the first order for ¢
, the trigonometric term in equation (S1) becomes:

,/,/(4111 —2q, -2e @ -2, )z ,/,/(4m' -2q, )— 2eq, /’/—/(4.7ZT -2, )

that makes the RHS of equation (S1) second order with respect to e, consistently with the used
order of the expansion for ¢:

N, dele) KB B del) 1 (e df
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Therefore, we identify two different amplitude scales for the force ase, ¢*, and we can use the

perturbation expansion ¢ = ¢, + £ ¢, + £°¢,, to follow the response at each scale, yielding the cascade:
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Considering only the asymptotic plate response in the long time, i.e. neglecting any transient, from
the first equation we obtaing, = 0. First order solution ¢, under the same hypothesis, is purely

harmonic, and the oscillation of the plate is determined as ¢, =7 {Z et } in response to the RHS

N k
dimensionless force J— ! a,; : = { A ’}. Substituting into the first order equation, we obtain:
=0 M
N
l vl
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That provides the first order harmonic solution, at frequency 2w, .

Physically, expression (S3), corresponds to the major contribution (order €) to the daily tidal
oscillation g, =7, {(Zy + j Z, oo 47T + j 4m )} = Z; oo 4T + Z, sv4r, of amplitude|Z |

The force term of the second order equation is:

N k
oyl d
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R & T, dr*

[¢1 f'f'/(4mf -29, )]= —2J—
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=0 "M

The only drift generated on the RHS force is the constant term -J éZ ; (derived from cosine

square), all the others are indeed harmonic at frequency4w,,, and smaller with respect to those

generated by the first order term solution.

Therefore, the complete physically significant solution to the plate equation of motion is:

o(7)= e (z)+ %0, (v) = €(Z, v drT + Z)) 47T —ngL Z, T (S4)
1 2 1 R

3. The perturbation expansion for two coupled plates

Considering this value is for a single free-plate (as a point mass) without any lateral viscous-elastic
constraint, it represents only an upper bound estimate. In fact, this value diminishes when
considering a system of interacting plates, in a more realistic description. In this case, each plate
limits its oscillation due to the lateral force of its neighbors. This produces a decrease in the
oscillation Agy,,, while the drift mechanism is less affected by this process. To qualitatively

illustrate the point, consider the previous theory applied to a binary plate P1-P2 system, consisting
of two point masses at initial angular distance Ay and interacting by a viscous mechanism such that

their interaction force is expressed by%(% -@,), where y = 22 and 1, 1s a viscosity related to
n.

the P1-P2 interaction. The previous perturbation equation for the two-plates takes the form (first
index is to identify the plate, the second identifies the order of the perturbation and inertial force is
neglected):
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where we use @ =@ +E@ +E°@,. @ =Py +EQ +E Py



