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(panel 1 in Figure 9), some plates (e.g., Nazca) still move E-ward relative to
the mantle. However, volcanoes may be sourced from within the decou-
pling LVZ layer. Therefore, part of the decoupling recorded by the volca-
nic tracks may be lost. Since increasing petrologic and geophysical evidence
support a shallow intra-asthenospheric origin of volcanic plumes
(e.g., Anderson, 2011; Bonatti, 1990; Foulger et al., 2005; Presnall &
Gudfinnsson, 2011), the net rotation of the lithosphere can be as fast as
>1!Ma (Crespi et al., 2007; Cuffaro & Doglioni, 2007). In this plate
motions reconstruction, all plates move “westerly” along an undulate
flow (panel 2 in Figure 9) and the fastest plates are those having at their
base an LVZ with lowest viscosity (e.g., the Pacific plate, Pollitz,
B€urgmann, & Romanowicz, 1998). Regardless the lithosphere has a net
rotation or a fully developed westward drift, plate motions are polarized
toward the west, and the equator of this differential rotation closely overlaps
the shape of the tectonic equator (TE) of Figure 7. The two extreme values
of the rotation point to quite different plate motion relative to the mantle,
i.e., a slow net rotation with some plates moving E-ward, or a complete
W-ward drift in which all plates, albeit at different velocities, move
W-ward (Figure 10). Since evidence in favor of shallow sources for the vol-
canic trails are growing, we favor the faster westerly oriented decoupling

Figure 9 The sum of the plate vectors computed in the hot spots reference frames has
a westerly directed component, i.e., the so-called net rotation. If the source of the hot
spots is deep (e.g., at the coreemantle boundary), the net rotation amounts to only
0.2!e0.4!/Ma. In case the source of volcanic trails is rather sourced from within the
low-velocity zone, the net rotation becomes a fully polarized westward drift of the lith-
osphere, summing to >1!/Ma. This second kinematic setting better fits the global tec-
tonic asymmetric signatures.
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Slab recycling volumes ≈ 306 km3/yr (180 Ma)

W-subduction rate/E-subduction rate ≈ 2.4
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PLATES MOVE: WHO IS PUSHING THEM??!!
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TIDAL FRICTION

§ Earth’s rotation is slowing: with dinosaurs the day was of 22h
§ Moon receding at 38 mm/year
§ Tidal friction 1020-21 J/yr
§ Tectonic moment 1021 J/yr
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West Nile viruses (Crans 1977, Andreadis et al. 1998,
Molaei et al. 2006). They are also persistent day-time
biters capable of long range migration from their larval
habitat prompting the establishment of many surveillance
and control programs in coastal areas in the first half of
the 20th century (Mulhern 1985, Nayar 1985, Verdon-
schot and Besse-Lototskaya 2014). The ecological signifi-
cance of salt marsh mosquitoes is attested to by their
extraordinary abundance in saline habitats with egg den-
sities of over 110,000/m2 recorded (Nayar 1985) and their
role as the main food source for many marsh fish species
(Harrington and Harrington 1961).
Salt marsh mosquito larval habitat occupies high salt

marsh at or above mean high water (Fig. 2). These
marsh elevations are the most susceptible to the periodic
influence of the 18.6-yr nodal cycle (Chambers et al.
2003). For salt marsh mosquitoes to hatch, the depres-
sions in the marsh surface must be filled with water by
high tide. However, high tides also deliver killifish preda-
tors specialized as consumers of salt invertebrates

including mosquitoes (Harrington and Harrington 1961,
Campbell and Denno 1978, Kneib 1984, Rozas 1995,
Ailes 1998). Greater tidal amplitudes occurring at the
nodal cycle maxima are more likely to leave salt marsh
mosquito habitat ether too wet or too dry compared to
lessor amplitudes at the nodal cycle minima.
We hypothesized that hydroperiod modulated by tidal

amplitude would be negatively correlated with the mos-
quito recruitment leading to long-term cyclicity in adult
mosquito populations (Fig. 2). Thus, the maxima of the
nodal cycle would be associated with lower mosquito
populations, whereas higher mosquito populations
would emerge during the low range of the tidal ampli-
tude. In addition, salt marsh mosquito specialist popula-
tions should have a stronger relationship with the nodal
cycle compared to freshwater or more generalist mos-
quito species less dependent on the tides (Fig. 2). To test
this hypothesis that the 18.6-yr nodal cycle would be an
important driver of salt marsh mosquito population
abundances, we examined two long-term time series
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FIG. 1. The 18.6-yr lunar-nodal cycle and study locations. The Earth spins about axis A and orbits the sun around the solar
ecliptic C (the plane of the Earth’s orbit around the Sun). The plane of the Moon’s orbit around the Earth B is inclined by 5.14° to
the ecliptic and the degree of declination relative to the equatorial plane D gradually varies approximately 10° from 18°180 to 28°360
and back every 18.61 yr (closed blue circles on the plot). Maximum tidal range occurs when the Moon’s declination is the smallest
as shown in the plot of the 18.6-yr nodal cycle (open dots on the plot) observed at the NOAA gage at Battery, New York City (Sta-
tion ID: 8518750) with a fit of an harmonic regression having 2.4 cm amplitude, 69.1 cm mean, and 18.6-yr period (red line on the
plot). Map shows the general location of the study sites in Ocean County (New Jersey) and in Suffolk County (New York) relative
to the Battery Park station.
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Choosing K ¼ 100 s"1; ds ¼ dm ffi 1 guarantees an angular velocity of
about 10"16 rad s"1 with a basal diurnal fluctuation of about 10"3

mm, i.e., completely negligible with respect to the usual sources of
deformation produced by other external agents such as hydrological
and thermal loading. Compare with Fig. 4. Now, we consider the
solution, UðtÞ of Eq. (8) and make a plot of UðtÞ "Uð0Þ computing
it as the sum of the linear part L1ðtÞ ¼ xm;s t, see Eq. (12), and the
bounded component YðtÞ, solution of Eq. (13) for different time
intervals. Using, for instance K ¼ 25 s"1 (g & 1:3' 1015 Pa(s), we
get a westward motion of about 5 cm/yr.

3.2. On the relationship between K and g

In our model, we introduce the convenient frictional term K;
however, the relevant quantity for geodynamics is the effective
shear viscosity of the low velocity zone (lower values of viscosity
in the asthenosphere), which determines the degree of mechanical
coupling between the lithosphere and the underlying layers. Even
though it is not possible to provide a exact conversion rule from K
to g and viceversa, we are interested in writing a rough correspon-
dence between couples of values. Assuming K to be the frictional

Fig. 4. Residual displacement around the linear trend for increasing values of K
compared with ) emþes

K . We choose K ¼ 1;10;100 s"1, corresponding to an effective
shear viscosity of about g ¼ 5' 1013; 5' 1014 ; 5' 1015 Pa(s.

Fig. 3. Solutions of the residual of Solid Earth tidal displacements calculated
assuming K ¼ 100 s"1 ðg ¼ 5' 1015 Pa(s), ds ¼ dm ¼ 1 for intervals of one day (a),
one month (b) and one year (c).
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coefficient produced by a viscous force acting on the lithosphere
with surface R whose mass is represented by m (Fig. 5)

K ¼ R
Dam

g ð15Þ

where Da $ 150 km is the thickness of the upper asthenosphere. If
one takes the lithospheric density q ¼ 3:3 g/cm3; g can be written
as

g ¼ DlDaqK $ 5% 1013 K Pa & s ð16Þ

Dl ¼ 100 km is the average thickness of the lithosphere. We propose
the following theoretical relationship

Kx ¼ 3ðX2
m þX2

s Þ
2

sin e ¼ 1:9% 10(13 sin e
! "

s(2 ð17Þ

By physical considerations, we also have:

K ffi ð2% 10(14gÞ s(1 ð18Þ

Hence,

gx ¼ 1:9
2:0

# $
* sin e 10

14

1013 ¼ 9:5 sin e ð19Þ

Set

x ¼ k * 5:5% 10(16 rads(1; e0 ¼ 2p
360

; e ¼ tg e0 ð20Þ

which gives a relationship for g and e (Fig. 6), where k represents
the westward drift velocity expressed in +/Myr.

3.3. Low frequency tidal modulations of plate motions

High frequency tidal harmonics are not able to produce a
detachment between the lithosphere and the upper mantle since
their period is much shorter than the Maxwell’s time of the
asthenosphere ($ 109 s). Therefore, high-frequency body tides
are mostly buffered by the high viscosity of the lithosphere and
the underlying mantle. Conversely, long-period tides, e.g., the lunar
nodal 18.6-years-long precession, can act effectively in modulating
plate motions. Our simulations confirm this possibility (Fig. 7), also
providing a computational check for the analysis reported in
Zaccagnino et al. (2020). The nominal and observed value of

Fig. 5. Expected cumulative displacements produced by the action of the tidal drag
assuming K ¼ 25 s(1 ðg $ 1:3% 1015 Pa&s), ds ¼ dm ¼ 1 for intervals of one day (a),
15 days (b), one month (c) and one year (d).

Fig. 6. Westward drift velocity predicted by our model as a function of the basal
effective shear viscosity for different tidal lag angles compatible with observations.
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amplitudes, about 3 mm (Agnew, 2010), are correctly reproduced
using a viscous frictional term K ! 50 s"1, corresponding to an
effective minimal basal shear viscosity of about g ! 2:5# 1015 Pa$s.

3.4. The motion of a plate

We now consider the motion of a plate specifically. From a
mathematical point of view, each portion of the lithosphere can
be represented as a rigid arc c on the surface of the Earth. A generic
point, p, on the arc has coordinates "r1;pûðbmÞ þ r1;s ûðu1;pÞ. There-
fore, the first of such points encountered when running counter-
clockwise (the most westward) is identified by the angle u1;p, the
last one is identified by the angle u1;p þ 2a, where a 2 ½0;pÞ repre-
sents the aperture angle associated with the plate, i.e., its angular
extent. Given the angular density q ¼ Mc

2 a, we can write the first car-
dinal equation of dynamics applied to the arc c in terms of the
unknown angle u1;c , made by the center of mass c of the rigid body
around the center of mass of the Earth. We remark that our equa-
tion has an antipodal symmetry. This means that any plate, c",
described by the parametric form ðu1;a;u1;a þ p* tends to move
as the ‘‘opposite” arc cþ located at ð"pþu1;a;u1;a*. Since the crust
is divided into several plates, so that c does not coincide with the

whole surface of the Earth, the center of mass c is at constant dis-
tance form the center of the planet and, therefore, the motion of c
is determined by the motion of c. Hence, we are interested in
establishing the equation describing the motion of the plate in
terms of u1;c . In order to do it, we use the first cardinal equation:
the sum of the forces acting on c satisfies

Mc
d2

dt2
r0;c ûðu0;cÞ ¼ FðcÞ ¼

Z

c
Fðu1;aÞdu1;a ð21Þ

Considering the lunar tide, the following acceleration is produced:

amðc; eÞ :¼
1
Mc

Z

c

fmðu1;aÞ
qðu1;aÞ

du1;a "
FmðeÞ
Me

¼ 1
Mc

Z

c

fmðu1;aÞ
qðu1;aÞ

du1;a "
MmG
r21;m

ûðbmÞ ð22Þ

that can be written, making the calculation at first order in km ¼ r1;p
r1;m

and recalling r1;a + r1;p for each segment of the plate, as

amðc; eÞ ¼ 3r1;pX2
m
sina
a cosðu1;c " bmÞ ûðbmÞ

"X2
m r1;c ûðu1;cÞ ð23Þ

which produces a tangential component of motion following the
equation

€Uc þ
3X2

m

2
sin½2 ðUc " c t þ bmð0ÞÞ* ¼ 0 ð24Þ

where Uc ¼ "u1;c þ cmt. A graphical description of the direction and
intensity of the accelerating tidal field acting on a rigid plate is pro-
vided in Fig. 8. It represents a phase diagram of the effect of lunar
and solar earth tides as a function of the position of the Moon
and the Sun at time zero. While a completely symmetric force is
expected in the case of the classical field for a perfectly elastic Earth,
so that the cumulative displacement of the lithosphere with respect
to the mantle is zero, the same tidal field acting on an anelastic
Earth produces a westerly-oriented motion except for a limited
set of astronomical configurations. The point ð0; 0Þ corresponds to
a situation when the center of mass of the Earth lies on the same
straight line joining the center of mass of the Sun and the point p
on the surface of the Earth. This is an exceptional configuration.
In the real three dimensional space, this corresponds to the Moon
crossing the ecliptic plane exactly on the segment joining p and
the Sun. In any case, the gravitational outward pull is at its peak.
What we have just observed gives an idea of the different degrees
of complication in the problem in dimension three. In that case,
viewed from Earth, the positions of the Sun and Moon have signif-
icantly richer behavior and must be parameterized on the surface of
the celestial sphere. This suggests that the measurements of d and e
must accurately take into account the astronomical configuration at
the time of observation. Detailed mathematical derivations are pro-
vided in Appendix C.

3.5. Analytical results about the westward drift of the lithosphere

Given the equation of our model for both the Moon and Sun
written in explicit form

€uþ 3Xs
2 sin ½2ðu" qs " tcsÞ* þ 3Xm

2 sin ½2ðu" qm " tcmÞ* ¼ 0
uð0Þ ¼ q; _uð0Þ ¼ 0

(

ð25Þ

we notice that cs – cm; moreover, es and em are of the same order of
magnitude and still greater that the corresponding gravitational
constants Xs and Xm. Formally, if es and em were of the same order
of magnitude, considering Moon and Sun separately, would give

Fig. 7. Tidal modulations of plate motions around the linear long-term trend for
K ¼ 50 s"1 (corresponding to g ! 2:5# 1015 Pa$s) produced by the 18.6-years-long
tidal harmonic. We notice an almost unfiltered signal (the nominal amplitude of the
lunar perigee is about 3 mm) with respect to the strongly buffered perturbations
produced by the daily, monthly and annual tides. This suggests that slow additional
stress, even though quite small, can act effectively in decoupling the lithosphere
from the upper mantle because its period is comparable with the Maxwell’s time of
the weakest layers of the low velocity zone (LVZ) being of the order of about 109 s.

V. Nesi, O. Bruno, D. Zaccagnino et al. Geoscience Frontiers 14 (2023) 101623
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(see Coltice et al., 2017 for a review). However, the volumes con-
sumed along tthe W-directed subduction zones are far larger than
those along tthe opposite slabs, supporting an asymmetric mantle
convection (Doglioni and Anderson, 2015; Ficini et al., 2020). More-
over, Bullen (1940), Birch (1952), Bunge (2005), Anderson (2013)
have demonstrated a fundamental issue of the Earth’s mantle, i.e.,
most of it is in subadiabatic condition. A potential temperature
lower than the adiabatic prevents active upwelling of the mantle
and convection. This is one of the reasons why plate tectonics and
mantle convection seem to be rather generated by a top-down driv-
ing mechanism rather than bottom up (Anderson, 2001). Being the
top asthenosphere (i.e., the LVZ) in superadiabatic temperature, it
can convect much faster than the underlying mantle, drastically
decreasing the viscosity,hence providing a mechanical decoupling.
Notice that the thermal gradient in the LVZ, between 100–200 km
depth can be up to 3!C=km, whereas the underlying mantle can
be about 0:4!C=km. Water content, pargasitic amphibolite break-
down (Green et al., 2010), high temperature and relative lower
pressure can determine higher Rayleigh number, i.e., more efficient
convection, lower viscosity and consequent decoupling. This may
allow the decoupling of the overlying lithosphere dragged by solid
Earth’s tides. However, the results about tidal drag and mantle vis-
cosity are only marginally compatible with a role of the tidal torque
in geodynamics, which is however suggested by several geological,
geophysical and geochemical evidences described in the introduc-
tion. A value of viscosity of g " 1016 Pa#s is still required to permit
a tectonic plate drift speed of about some centimeters per year,
even though there is evidence that the viscosity of the astheno-
sphere may be overestimated, above all on the light of a stronger
and stronger evidence of a globally prevalent partial melting diffuse
within the low velocity zone (e.g., Hua et al., 2023). Recalling the
hypothesis of the calculation of the differential torque required to
allow the mechanical decoupling between lithosphere and astheno-
sphere, the upper mantle is considered to be at rest and the total
work is thought to be furnished by tidal forces. This assumption is
not reasonable. Even though stratified, convection certainly occurs
in the upper mantle. This additional contribution may reconcile
our observations with previous scientific literature. In addition,

differential rotation between convecting concentric layers implies
transfer of angular momentum, so that fluids flow to maximize it
(Běhounková et al., 2010; Ogilvie and Lesur, 2012; Mannix and
Mestel, 2021). This property is also supported by experimental evi-
dence. So, differential rotation is, in principle, able to polarize man-
tle convection, which turns out to be top-down controlled, as
suggested in Anderson (2001). Seismic anisotropy can be consid-
ered as an evidence of this effect: in the shallower layers of the
upper convecting mantle, crystals are oriented along the direction
of maximum stress produced by the differential velocity between
the lithosphere and the asthenosphere. Therefore, on the base of
the output of our model, numerical simulations and geological data,
we suggest that the large-scale, widespread evidence of polarized
plate tectonics may be allowed by a combination of stratified and
top-down-polarized mantle circulation in the upper mantle, provid-
ing part of the lacking torque required by the Jordan’s calculation,
and the direct effect of tidal drag of the lithosphere. Our model also
confirms that, while high-frequency tidal harmonics (bi-weekly and
monthly tides, the semi-annual and annual terms) cannot modulate
plate motions, some significant long-period tides (e.g., the polar and
the 18.6-years-long period tide, compare with Fig. 9) can do it
(Fig. 7). This result is compatible with the conclusions reported in
Zaccagnino et al. (2020). The nominal and observed amplitudes
are well reproduced if a basal viscosity of the lithosphere is
assumed in the range of 1015 " g " 1016 Pa#s, which also results
in agreement with a westward drift of the lithosphere
(x $ 0:1! % 0:3!/Myr). On the other side, short period tides can
instead modulate plate motions indirectly along weak plate mar-
gins, such as subduction zones, triggering silent events and moder-
ate seismicity, e.g., Cochran et al. (2004); Ide and Tanaka (2014);
Zaccagnino et al. (2022), according to the different mechanisms
described in Scholz et al. (2019); Varga and Grafarend (2019);
Zaccagnino et al. (2022). However, a lower value of viscosity under
shear can easily allow an even larger decoupling between the litho-
sphere and the asthenosphere; hence, a faster westward drift up to
x $ 1:49!/Myr, which is the value predicted by the shallow hotspot
reference frame (SHRF) of Doglioni et al. (2005), with g $ 2& 1014

Pa#s.

Fig. 9. Fast Fourier Transform of the variations of the length of day D LOD (1962–2022). Tidal frequencies dominate the spectrum. Tides are responsible of large part of the
oscillations of D LOD. Minor contributions at higher frequencies are due to recurrent atmospheric and ocean circulation.
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Self Organized Chaotic System





1) Orogens and Rifts show an “E-W” global asymmetry 
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3) Plate tectonics is tuned by Earth’s rotation

2) The lithosphere moves along a westerly polarized flow
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“It's all Moon's fault, 
when it gets too close
to the earth it makes
everyone crazy” 

William Shakespeare



Piero: an hyperbolic gradient


