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ARTICLE INFO ABSTRACT

Article history:

In this paper, we analyse the distributions of number of events (N) and seismic energy (E) on the Earth's surface and
along its radius as obtained from the global declustered catalogue of large independent events (M>7.0), dissipating
about 95% of the Earth's elastic budget. The latitude distribution of the seismic event density is almost symmetric
with respect to the equator and the seismic energy flux distribution is bimodal; both have their medians near the
equator so that they are equally distributed in the two hemispheres. This symmetry with respect to the equator sug-
gests that the Earth's rotational dynamics contributes to modulate the long-term tectonic processes.

The distributions of number and energy of earthquakes versus depth are not uniform as well: 76% of the total earth-
quakes dissipates about 60% of the total energy in the first ~50 km; only 6% of events dissipates about 20% of the
total amount of energy in a narrow depth interval, at the lower boundary of the upper mantle (550-680 km).
Therefore, only the remaining 20% of energy is released along most of the depth extent of subduction zones
(50-550 km). Since the energetic release along slabs is a minor fraction of the total seismic budget, the role of
the slab pull appears as ancillary, if any, in driving plate tectonics. Moreover the concentration of seismic release
in the not yet subducted lithosphere suggests that the force moving the plates acts on the uppermost lithosphere
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and contemporaneously all over the Earth's outer shell, again supporting a rotational/tidal modulation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

One of the most significant physical characteristics of earthquakes is
the energy they radiate that may have a great impact on mankind. The
study of the energy dissipated by large seismic events and its distribu-
tion may provide insights on the acting dynamics. A significant amount
of papers, based on the analysis of complete catalogues containing all-
size events (independent and aftershocks) above a threshold magni-
tude, has analysed the latitudinal distribution of the numbers of events,
N, and their energy, E (e.g. Chouhan and Das, 1971; Denis et al., 2002;
Levin and Chirkov, 2001; Levin and Sasorova, 2009; Riguzzi et al.,
2010; Shanker et al., 2001; Sun, 1992; Varga, 1995). All these papers ev-
idence that no significant seismic activity exists beyond latitudes 4 65°
N and the distribution of the released seismic energy is zonal, with a
maximum at the equator and two others near latitudes 4+45° N.

Many other papers have investigated the origin of deep earth-
quakes, the physical mechanism able to release elastic energy at
great depths and the distributions of N and E (Abe and Kanamori,
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1979; Chouhan and Das, 1971; Gutenberg and Richter, 1936, 1938,
1942, 1954, 1956; Kirby et al., 1991; Richter, 1979, and reference
therein). Independently from the causes generating earthquakes at
great depths, they all agree that the distributions of N and E are not
uniform along the Earth radius. According to Frohlich (2006) only
25% of all earthquakes have focal depths exceeding 60 km and follow-
ing Abe and Kanamori (1979) only about 0.2% of energy is released by
deep focus earthquakes (depths larger than 300 km). Below the
upper mantle (at about 680 km depth) the Earth becomes silent and
deformations occur in the viscous regime. Such analyses are based
on complete catalogues of all the events with M>7.0, taking there-
fore into account all the largest aftershocks occurred in seismic
sequences.

The goal of the present study is to investigate the distributions of
N and E at the Earth surface and their depth dependence from a
declustered catalogue to avoid possible biases introduced by the af-
tershocks, given that their number is relevant and their locations
are driven by the master events. In fact, it is well known that the
stress transfer produced by seismic events leads to changes in the
probability of earthquake occurrence (Steacy et al., 2005). In other
words, the distribution of mainshocks and related aftershocks cannot
be considered a distribution of independent seismic events.
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In this study, we have considered only large events (M>7.0) just
to manage a homogeneous and complete dataset (Romashkova,
2009), keeping in mind that about 95% of the total earthquake energy
is released by such events.

2. The catalogue

The earthquake catalogues of 20th century can be considered sta-
tistically complete for events with M>7.0 (Kossobokov, 2004;
Pacheco and Sykes, 1992). Then, our study is based on the global cat-
alogue of all M>7.0 events recorded in 1900-2009, as a selection
from the catalogue compiled by Shebalin (1992), extended with Pre-
liminary Determination of Epicentres (PDE)-Monthly Listing (at the
moment data for 2010 and 2011 are available as Weekly and Quick
Epicenter Determinations), for a total amount of 2003 events. In this
catalogue all the magnitude types are preserved, as reported in the
original USGS/NEIC data. Thus, the catalogue is a multicolumn list
containing the epoch of each event, the location and magnitudes
(Mb, the average of a station body wave magnitude, Ms, the average
of a station surface wave magnitude, and other authoritative magni-
tudes supplied with their types). The moment magnitude values,
My, start to appear routinely in 1993, therefore they are not listed
for most of the earthquakes in the 20th century, in particular for all
mega-quakes. The elimination of possible duplicates and identifica-
tion of aftershocks was obtained by Kossobokov and Romashkova
from the complete catalogue by the “window method”, as described
in Keilis-Borok et al. (1980), the same method applied in the Global
M8 test (Kossobokov et al., 1999). Other methods could be of course
successfully employed (Van Stiphout et al., 2010).

In this way, 274 aftershocks with M>7.0 have been removed from
the initial complete catalogue. The declustered catalogue lists 1729
events from 1900 to 2011, frequently with more than one value of
magnitude, most of them Ms. In particular, Ms is assigned to about
80% of the events, M,, to about 14% (since 1993 up to now) and M,
and M, to the remaining 6%. To avoid major problems with magni-
tude heterogeneity (Pacheco and Sykes, 1992) and taking into ac-
count that hypocentral determinations are known with sufficient
accuracy only since the middle of 20th century, in the following,
only data from 1960 to 2011 are considered. Therefore, the initial cat-
alogue is reduced from 1729 to 654 events (about 57% quantified by
Ms and 43% by Mw).

In order to obtain uniform magnitude values, all the My have
been transformed in Mg by applying the non-linear calibration curve
reported by Utsu (2002). The Ms scale tends to saturation for Ms>8
(Kanamori, 1983), so that energies for Ms>8 could be underesti-
mated. Nevertheless, all the initial Ms values have been depth cor-
rected following the calibration procedure defined in Herak et al.
(2001), since it is statistically proven that routine values of Ms of
deep events are underestimated. These recalibrations improve signif-
icantly the relationship between Ms and the seismic moment Mo,
limiting the problem of saturation and therefore of energy evaluation
(Bormann and Saul, 2009), so that we can consider our recalibrated M
larger than Ms, near to Mw.

3. Latitudinal and longitudinal distribution of E and N

The space-time distribution of earthquakes from 1960 to 2011
shows that polar areas are completely silent, in fact all the events oc-
curred within latitudes 62°S-71° N; a clustering of the largest ones
seems to occur after 1990, as can be seen in Fig. 1.

The analysis of distributions of N and E has been defined in lati-
tude classes of 10°, applying a normalisation by spherical areas, thus
obtaining N* (earthquake density) and E* (energy flux) (Fig. 2). Seis-
mic energy should be considered very carefully due to problems in-
duced by magnitude assessment, so that the subsequent
considerations have a purely indicative aim (Kagan, 2003). From
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Fig. 1. Space-time distributions of the earthquakes listed in the declustered catalogue
in the time interval 1960-2011. Bullet sizes according to different M classes.

Ms, energy can be computed by the classical Gutenberg relation
(Gutenberg, 1956a, 1956b),

LogioE = 1.5 - Ms + 4.8 (joule).

Energy values are known with very low accuracy, in fact, if we op-
timistically accept a mean standard deviation on magnitudes of 0.23
(Giardini et al., 1997), from the error propagation law, the energy un-
certainty may be evaluated as AE=1.5-1n(10)-E-AM~0.79-E (joule),
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Fig. 2. Distribution of N* (density of events) and E* (energy flux) of the earthquakes with
M2>7.0 along Earth's latitude for the time interval 1960-2011 (10°-sampling). The seismic-
ity decreases towards the polar areas and has a maximum in the latitude range — 10°-0°.
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that can be considered a lower bound for energy accuracy. More re-
cently, Kagan (2003) has re-evaluated the magnitude accuracy by
testing different catalogues, obtaining an upper bound for the stan-
dard deviation of 0.275 that would increase the energy uncertainty
to about 95%. The problem of magnitude accuracy could be overcome
by using seismic moments of CMT catalogues (Convers and Newman,
2011); however, the short time span covered by these catalogues
limits their statistical use.

Coming back to us, even if the minimum level of uncertainty at
which seismic energy is known is about 80%, it is still worth using it
since the interest is here mainly focused on giving the pattern of the
distribution of E* with latitude, rather than on single values of energy.
Nevertheless, since the estimate of the energy E, based on the magni-
tude-energy relation, is greatly affected by the errors in magnitude,
the number of events N is probably a more robust representation of
the occurrence of moderate to large earthquakes than E (Kanamori,
1977).

In Fig. 2 are reported the distributions of N* and E* in 10° latitude clas-
ses of all the 654 events. Both the distributions are bimodal with maxima
falling in the classes —20°<Lat<—10° N and —10°<Lat<0° N, respec-
tively. The median of N*is at 8° N, while the median of E* is at —2° N.

The latitudinal distributions show persistent features and result
rather independent from magnitude values, i.e. not biassed by few ex-
ceptionally strong events and not significantly corrupted by magnitude
saturation. In fact, similar patterns are obtained excluding all the events
with M > 8.0 (Fig. 3), with maxima falling in the class —10° <Lat<0°N.
In this case the medians overlap at the equator.

In contrast with what reported by some authors (e.g. Sun, 1992),
the present analysis based on a declustered catalogue shows that
the two hemispheres release the same amount of energy and without
zonal symmetry of energy release, thus evidencing that the inclusion
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Fig. 3. Distribution of N* (density of events) and E* (energy flux) of the earthquakes with
8.0>M >7.0 along Earth's latitude for the time interval 1960-2011 (10°-sampling). Even
if all the events with M> 8 are excluded, the pattern shown in Fig. 2 is preserved. The
maxima fall in the class —10°<Lat<0° N and the medians overlap the equator.

of aftershocks in the analysis is able to bias the distributions, in partic-
ular, when the number of earthquakes is considered as a proxy.

The persistent bimodal pattern of N* and E* with respect to the
equatorial area seems to indicate a signature of the Earth's rotational
dynamics on the occurrence of large seismic events. The same persis-
tent bimodal pattern is found by analysing separately the distributions
of the shallow (depths <100 km) and deep events (depths> 100 km),
as shown in Fig. 4.

Similarly, the distribution of the number, N, and energy, E, of earth-
quakes with M>7.0 in the time interval 1960-2011, along the Earth's
longitude is shown in Fig. 5. This analysis may appear trivial, since
the distribution of most of the seismicity simply follows the location
of the world subduction zones. However, it helps to understand the lat-
itudinal distribution of seismicity. Notice for example the low seismic-
ity between —45° 45° E, involving the African and the western part of
the Eurasian plates, as also well evident in Fig. 7 (central panel).

4. Depth distribution of seismicity

The depth distributions (50 km depth classes) of N and E retrieved
by the declustered catalogue are shown in Fig. 6. N decreases with in-
creasing depth as ~1/h? (h is the focal depth in km) up to about
300 km. From 300 to 500 km the events are sporadic, while below this
depth they increase significantly up to 650 km. In particular, 90% of
the events occurs within 300 km while the remaining 10% from 300 to
700 km; about 76% of the total amount of earthquakes is concentrated
in the first depth class (0-50 km); 18% occur from 50 to 300 km and
the remaining 6% up to 680 km. As far as energy is concerned, 80% is dis-
sipated within 300 km, the remaining 20% from 300 to about 680 km,
where most of the energy dissipation is viscous. About 60% of the total
amount of energy is concentrated in the first depth range (0-50 km),
with a sharp maximum (~1.2x10'9]); 20% is dissipated from 50 to
300 km and the remaining 20% up to 680 km. Only the 6% of all the
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Fig. 4. Latitudinal distribution of N* and E* of earthquakes with M>7.0 (10°-sampling),
for shallow (<100 km) and deep (>100 km) events.
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Fig. 5. Longitudinal distribution of N and E of earthquakes with M>7.0 (10°-sampling).
Each distributions is divided by hemisphere, so that negative values are an artefact just
to represent N and E of the southern hemisphere. Most of the events are concentrated
along subduction zones.

earthquakes release the 20% of the total amount of energy in the deep
interval (550-680 km). The deep event clustering is marked by high en-
ergy release (energy peak ~4.7x 108 ]).

Not all subduction zones characterised by high seismic energy ra-
diation at shallow depth are connected to deep earthquake energy
sources (Fig. 7). Mostly shallow focus earthquakes delineate the lith-
ospheric slabs penetrating into the mantle in Central America, Barba-
dos, Aleutians and east of New Zealand. On the other hand, the
subduction zones of Japan, Kuriles and Kamchatka (Fig. 7A), of Ker-
madec Island area (Fig. 7B), of Pacific coast of South America between
latitudes 10° S and 30° S (slabs in Peru-Bolivia and Chile, Fig. 7C) and
of South Asia (Sumatra, Banda Sea and Timor, Philippine and East
Luzon, Fig. 7D) are marked both by shallow and deep earthquake
sources (h>500 km). Moreover, in the 300-550 km depth interval
(e.g., Riguzzi et al., 2010), in the W- or SW-directed slabs N and E
are larger than in the opposite E- or NE-directed slabs.

In the source areas where shallow and deep focus earthquakes
occur, two angles can be identified: slab dip 3 taken from Riguzzi et
al. (2010) and the angle o between the surface and the straight line
connecting shallow and deep source zones (average dip, Fig. 8). We
find, in the case of the E-directed slabs of South America a=50°,
while the typical slab dip 3 in this region, for h<70 km, is 3=20°
(Table 1). Similar values are observed in the Sumatra source zone
(NE-directed slab). This means that typically «—B~30° and the
Benioff-Wadati zones consisting of both shallow and deep source
zones (Fig. 7C, D) are not straight and lead to infer three possible pro-
cesses: (a) bending of the slab, (b) breaking of the slab and (c) the
upward suction of the lower mantle (Doglioni et al., 2009). For the
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Fig. 6. Depth distribution of N and E of earthquakes with M>7.0 (50 km-sampling). N
and E axes in logarithmic scale. Most of events and seismic energy are restricted in the
shallow lithosphere. Most of the residual elastic energy is radiated between 550 and
680 km of depth.

W-directed slabs the situation is different. In the Far East, Japan and
Kuriles-Kamchatka source zones (Fig. 7A) and Kermadec Islands
(Fig. 7B) we get smaller values for a— 3, averaging at about 6°,
even when the a values are close to the case of the E-directed slabs.
This means that the Benioff-Wadati zones are not bent in these
cases. In other words, the deep seismicity along W- or SW-directed
slabs is regularly connected to the superficial part of the subduction
zone (a—PB=6°), while along E- or NE-directed subduction zones
the large difference between dips (o — 3~ 30°) rather suggests a differ-
ent origin of the deep seismicity. In fact, along these subduction zones,
the seismicity is very scarce between 300 and 550 km of depth
(Riguzzi et al,, 2010) and most of the elastic energy radiated by deep
events is concentrated in the depth interval between 550 km and
680 km (Fig. 6), somewhat above the lower border of the transition
zone given in PREM (Dziewonski and Anderson, 1981). Green (2007)
proposed that deep earthquakes are related to shearing instabilities ac-
companying high-pressure phase transformations. A physical mecha-
nism (transformational faulting) has been proposed for the generation
of deep earthquakes (Kirby et al., 1991). However, contrary to the com-
mon assumption of the presence of a slab at such depths, it is possible to
invoke mantle suction process and shear between upper and lower
mantle generated by a sort of Venturi effect: the mantle, in correspon-
dence of E- or NE-directed subduction zones, can flow through a surface
that is significantly reduced, with respect to standard situations, by the
subduction plate marked by seismicity not deeper than about 300 km.
Therefore the deep earthquakes along the E- or NE-directed slabs may
be related to the subduction system, which is sucking up the mantle,
but they occur in the mantle without requiring the presence of any
slab (e.g., Doglioni et al., 2009). In support of this hypothesis, most of
the focal mechanisms of deep events (Harvard CMT Catalogues) have
a major extensional component, well consistent with an accelerated
mantle flow through narrow structures (e.g. Van der Hilst, 1995) across



84

1107 120° 130° 140° 150° 160°

Al | <]

50° 50°
Y

40° 2 40°
: 1%@/&4\

30° %{ 0 30°

20° %Q;;Q 20°
- -~ :

10 £ & 10°

o ﬁ@ LN o

110" 120" 130° 140" 150" 160°

P. Varga et al. / Tectonophysics 530-531 (2012) 80-86

150" 160° 170° 180°-170-160°

0 " 0
-0 2 B o
-/ ,O"_“'\———\._
~ b\_/
-20° X :,: 3 -20°
_30° } ' -30°
a0 j/( I -40°
_503 1 e =] _503
\ %‘?{ \

150 160° 170° 180°-170-160°

-90° -80° -70° -60° -50°
[ ™
0° 4 4 0
\y\.fgo :"—1',':} 103
-10° a3 -10°
/ N‘. c 0°
-20° : -20°
// 10°
A i
-30° e -30°
Y
- AN il
-g0° =-80° -70° -860° =B0O°

00°
L
| N e
i L-._,\.\f;
A

~;§t§\§--—

110°  120°

110°  120° 140°
£ :

1 10°

130°

D:

|

=10°

J

100° 130°  140°

Fig. 7. Distribution of shallow (depth interval 0-50 km, grey bullets) and deep (depth interval 500-680 km, black bullets) focus earthquakes. A) Japan-Kuriles subduction zones;
B) Kermadec-Tonga subduction zones; C) West South America (Peru and Chile subduction zones); D) Indonesia (Sumatra, Banda sea and East Luzon or Philippine subduction
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the lower boundary of the C layer, thus suggesting pressure reduction
(Venturi effect).

5. Discussion and conclusions

With the purpose of evidencing robust and unbiased features, un-
like previous reviews of the Earth's seismicity distribution (e.g., Stein
and Wysession, 2003; Sun, 1992), this study is based on a declustered
catalogue. The gross features evidenced by earlier studies, such as no
relevant energy delivery in the polar areas and drastic decrease of

earthquakes below 50 km of depth are nicely confirmed. In addition
we note that the global regularities and the equatorial locations of
the medians of all the distribution of E and N seem to be consistent
with the Earth's rotational dynamics. On the other hand, a good cor-
relation between long time series of energy, number of events and
polar motion was first observed in Kanamori (1977) and recently
reconsidered in Riguzzi et al. (2010).

The phenomenon, which could supply the appropriate mechanism
capable to generate the required force, is the decrease of the axial ro-
tation speed due to tidal friction, in agreement with Riguzzi et al.
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Fig. 8. When plotting the seismicity across a slab, the shallow part of it has an angle that may or may not correspond to the one connecting the shallow seismicity to the deeper
events. The sketch shows the shallow slab average dip, 3, while the angle « is the angle between the shallow seismicity and the deep source zones. Along E-NE-directed subduction
zones, where a seismic gap is generally present between 300 and 500 km, the two angles differ substantially, whereas they are not so different along W-directed slabs (see Table 1).

(2010) who formulated the hypothesis that a significant portion of
despinning energy, due to tidal friction, is converted into tectonic
energy.

The relaxation of an equatorial bulge due to the slowing of rota-
tion of a planetary body has been invoked as a mechanism generating
differential stresses between the equatorial and polar areas (Amalvict
and Legros, 1993; Melosh, 1977). However the despinning of the
Earth is too slow to generate differential stresses comparable to
those observed along present plate boundaries (e.g., Parsons, 2006).
Moreover, unlike other planets of the solar system, the Earth is
marked by plate tectonics. In absence of it, other minor forces can
be relevant in determining deformation and faulting of a static crust
or lithosphere.

The frequency of earthquakes predicted by the Gutenberg-Richter
law, proven to be valid for large events only at global scale (Molchan
et al., 1997), supports the existence of a force acting and dissipating
energy all over the entire Earth's lithosphere; the existence of coher-
ent global scale intermediate-term tectonic processes in the litho-
sphere and the occurrence of the global scale seismic premonitory
patterns of impending mega-earthquake (Romashkova, 2009) are all
consistent with the results of the present study.

The stress orientation over the Earth lithosphere is determined by
the shape, distribution, tectonic type of plate boundaries and direction
of plates motion (e.g., Zoback, 1992) and the accumulation of stress,
the magnitude of the stress tensors and the differential stress are
quite proportional to the relative velocity among plates (e.g., Scholz,
2003; Stein and Wysession, 2003). Therefore we expect greater earth-
quakes at fast converging zones (Ruff and Kanamori, 1980); this corre-
lation appears weak, but it becomes rather robust when the recurrence
rate is considered (Gutscher and Westbrook, 2009). In the equatorial
belt of the Earth, plates move faster (Bird et al., 2009), and this is

Table 1

Slab dip, 3, and average dip, ¢, the angle between the surface and the straight line con-
necting shallow and deep source zones. Notice the difference in the angles of the first
three subduction zones, which are “E-NE-directed” (see text), whereas the remaining
are W-directed and the two angles mostly coincide.

Subduction zones with deep earthquake activity o B°
Peru 49 15
Chile 54 23
Sumatra 60 32
Banda Sea (Timor) 74 55
Philippine (East Luzon) 66 63
Japan 42 35
Kuriles-Kamchatka 45 45
Kermadec Islands 55 58

consistent with the largest seismic energy dissipation along the same
area; on the contrary the relative plate velocities tend to decrease to-
wards the polar areas, and seismicity consequently decreases.

According to Kirby et al. (1996) and Venkataraman and Kanamori
(2004) the intra-slab seismicity is restricted to the cold cores of the
slabs. However, as mentioned before, not all the subduction zones char-
acterised by large seismic energy radiation at shallow depth are con-
nected to deep earthquake energy sources (Fig. 7). Moreover, E- or
NE-directed slabs have a major seismic gap between 250 and 550 km
of depth. The comparison of the distribution of the shallow seismicity
with that of the deep events indicates that the energy dissipation is con-
centrated in the shallow lithosphere mainly at low latitudes; on the
contrary, the distributions of the number of earthquakes (deep and
shallow) are bimodal with a predominant occurrence of low latitude
deep events (Figs. 4 and 7).

Intraslab seismicity is mostly in down-dip compression along W- or
SW-directed slabs, whereas it is more frequently a down-dip extension
along the opposite E- or NE-directed slabs (Doglioni et al., 2007). These
global scale asymmetries of subduction zones associated to those ob-
served along oceanic ridges (Panza et al., 2010) can be envisaged as ev-
idence of the net-rotation of the lithosphere which is moving westerly
relative to the underlying mantle along a main path modelled by the
so-called tectonic equator (TE), the great circle along which plates
move faster (Crespi et al., 2007). The distribution of earthquakes in clas-
ses of distance with respect to the tectonic equator (TE), obtained by
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Fig. 9. Plot of N with respect to the distance of each event from the geographic equator
(EQ), black line, and the tectonic equator (TE, Crespi et al., 2007), grey line.
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rotating the Cartesian geocentric axes such that Z (the axis of Earth's ro-
tation) is aligned to the net rotation axis of the lithosphere, shows min-
imum values near the TE. On the contrary, a maximum is found if
earthquakes are grouped in classes of distance with respect to the equa-
tor (Fig. 9). This is the striking evidence that along the TE to a faster
plate motion corresponds a relative minimum of seismic activity (0 dis-
tance, grey line).

The depth distribution of energy has two peaks: the most important
(~60% of the seismic energy) is released by the shallow brittle crust
(~30 km); the other is situated at the lower boundary of the transition
zone between upper and lower mantle (responsible for ~20% of E). This
fact indicates that the negative buoyancy of the slabs (slab pull) might
not be the driving force of plates, due to the very limited amount of elastic
energy dissipated within most of the slab volume (between about 50 and
520 km of depth). In the depth interval from about 520 km to 630 km,
below the E- or NE-directed subduction zones the mantle is forced to
flow through a surface that is significantly reduced, with respect to stan-
dard situations, by the subduction plate marked by seismicity, as a rule,
not deeper than about 350 km. As a consequence there is reduction in
fluid pressure (Venturi effect), well consistent with the extensional char-
acter of the focal mechanism of the deep earthquakes with M>7 that
occur there possibly even in absence of a broken sunken slab.

In conclusion, our study is consistent with a model in which the
lithosphere and mantle form a chaotic self-organised system, where
seismic energy appears generated and tuned by the combination of
internal viscous mantle convection and rotational dynamics acting
contemporaneously all over the lithosphere.
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