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The present tessellation of the Earth's surface into tectonic plates displays a remarkably regular plate size
distribution, described by either one (Sornette and Pisarenko, 2003) or two (Bird, 2003) statistically
distinct groups, characterised by large and small plate size. A unique distribution implies a hierarchical
structure from the largest to the smallest plate. Alternatively, two distributions indicate distinct

hierarchical fragmentation process. We analyse detailed reconstructions of plate boundaries during the
last 200 Myr and find that (i) large and small plates display distinct statistical distributions, (ii) the small
plates display little organisational change since 60 Ma and (iii) the large plates oscillate between
heterogeneous (200–170 Myr and 65–50 Ma) and homogeneous (120–100 Ma) plate tessellations on a
timescale of about 100 Myr. Heterogeneous states are reached more rapidly, while the plate configura-
tion decays into homogeneous states following a slower asymptotic curve, suggesting that hetero-
geneous configurations are excited states while homogeneous tessellations are equilibrium states. We
explain this evolution by proposing a model that alternates between bottom- and top-driven Earth
dynamics, physically described by fluid-dynamic analogies, the Rayleigh–Benard and Bénard–Marangoni
convection, respectively. We discuss the implications for true polar wander (TPW), global kinematic
reorganisations (50 and 100 Ma) and the Earth's magnetic field inversion frequency.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Plate tectonic cycles occur at several timescales, with seismic
cycles on the order of hundreds to thousands years, and tectonic
cycles of several hundreds of million years for the formation and
break-up of supercontinents (Wilson cycle) such as Pangea and
Rodinia. Regional plate tectonics is driven by subduction, in which
slabs require 5–15 Myr to reach the boundary between the Earth's
upper and lower mantle; a time period also required to open back-
arc basins (Faccenna et al., 1996; Fukao et al., 2009; Stegman et al.,
2010). The intermediate timescale between tens and hundreds of
million years is not yet well understood. In this timeframe,
apparent polar wander studies and plate reconstructions have
identified plate reorganisations at intervals of about 50 Myr
(Torsvik et al., 2008a), and sea-level studies have identified cycles
at the timescale of 10–100 Myr (Miall, 1990). Yet the geodynamic
origin of these observations is still unclear. Here we use a
statistical analysis of the tessellation of rigid plates of the Earth's
surface in the past to explore the dynamics governing this
timescale.
ll rights reserved.
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The Pacific plate is the largest tectonic plate on Earth and its
boundaries host the majority of subduction zones and earth-
quakes. The second largest plate, Africa, is at the antipode of the
Pacific and is mostly surrounded by mid-ocean ridges. Each of
them is located above one of the two low velocity zones at the
bottom of the lower mantle, usually associated with a superswell
caused by thermal anomaly (Schuberth et al., 2009) or composi-
tional differentiation (van der Hilst and Kárason, 1999). Such a
bimodal configuration is illustrated by the Earth's plate tessellation
in Fig. 1, based on the dataset in Gurnis et al. (2012), where the
grey intensity is proportional to plate size. Combined with another
six major plates (Eurasia, Australia, Antarctica, North and South
America, and Nazca) these eight large plates cover most of the
surface of the Earth. Whether this configuration is coincidental,
due to inter-plate stresses or an outcome of the Earth dynamics is
topic of research (Anderson, 2002; Grigné et al., 2007; Lowman,
2011; O'Neill et al., 2008, 2009, Zhong et al., 2007).

The remaining plates are one or more orders of magnitude
smaller and their size follows a statistical distribution (Pareto Law)
which may reflect some sort of fragmentation mechanism (Bird,
2003; Sornette and Pisarenko, 2003). Complex processes such as
fragmentation are often revealed by geometrical self-similarity,
where a recurring pattern occurs over a wide range of scales. Such
a multiscale property is conventionally described by a power-law,
a function of the form S(x)∝x−1⧸α¼x−β where S is the observable at
ic plates in the last 200 Myr. Earth and Planetary Science Letters
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Fig. 1. The planetary map represents the Earth's present tessellation. Grey scale
intensity is proportional to the logarithm of plate size. Green boundary lines
indicate convergent margins while red lines show the location of spreading
boundaries. The map illustrates the polarity of the tectonic system in which the
two greatest plates, the African and Pacific, are at the antipodes of one another. The
plot represents the logarithm of complementary “cumulative plate count” (Y-axis)
vs. the logarithm of the plate size (X-axis) of the 22 plates shown in the global map
(data from Gurnis et al. (2012)). The coloured lines are based on 5 fits of
overlapping subsets of plates. Two regimes are identifiable: (i) below log(Size)∼7.5
the small plates follow a power-law with an exponent α∼3–5, (ii) the largest 6–7
plates follow a steeper slope with α¼0.3. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Plot of the logarithm of the plate size vs. logarithm of complementary
“cumulative plate count”, as in Fig. 1, for each reconstructed plate tessellation in the
past 200 Myr. The number of reconstructed plates (Seton et al., 2012) decreases
towards the past from 31 at Present time down to only 10 at 200 Ma (detailed plot
in the Supplementary material). The distinction between the large and small plates
distributions is observed at any time. The critical plate size at which the
distribution changes is about 107.5 km2, slightly less than the square of the Earth
radius (6371 km)2 and Cumulative Plate Count equal to 8..
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the scale x and the exponent α (and its inverse β) is a scale-
independent coefficient. The simplest way to determine α is by
quantifying the slope of the straight line that characterises its
log–log representation. Bird (2003) analysed the relationship
between plate area A and cumulative plate count N(A) (the number
of plates with area greater than A) for his highly refined database
composed of 42 plates, obtaining the best fit N(A)∝A−1⧸α¼A−β with
α∼4 (β∼0.25). In Fig. 1 we perform the same analysis on a different
dateset of reconstructed plate boundaries in the past 140 Myr
(Gurnis et al., 2012) and obtain a very similar result for the small
plates at present time (βSP¼0.22). An even more detailed dataset
has been put forward for the last 200 Myr (Seton et al., 2012),
showing the same result. We will refer to this most recent dataset
in the rest of the paper (Fig. 2).

It has been debated whether the distribution of the largest
plates may reflect the same process proposed for the smaller ones
(e.g. Bird, 2003; Fig. 19). If they follow a different distribution, this
must reflect the complex interaction between surface plate motion
and mantle convection. Fig. 1 already suggests that the large plates
form a distinct statistical group; however such a small number of
data points do not provide sufficient evidence. In effect it has been
shown by Sornette and Pisarenko (2003) that a modified Pareto
Law, corrected for the finite size of the Earth, would absorb the
observed “kink” between the two distributions. In this work we
resolve this controversy by analysing the tessellation formed by
plate boundaries in the past 200 Myr, showing that the kink is a
permanent feature in time, therefore not due to a fluctuation in
the statistics as suggested by Sornette and Pisarenko (2003).
We employ this result to obtain new insights on the evolution of
the Earth's mantle and global tectonics.
2. Analysis of the tectonic reconstructions

Kinematic reconstructions are built upon a wealth of unrelated
geological and geophysical data, making a precise quantification of
Please cite this article as: Morra, G., et al., Organization of the tecton
(2013), http://dx.doi.org/10.1016/j.epsl.2013.04.020i
the uncertainties extremely difficult. Stronger constraints exist for
the past 100 million of years, for which the finite rotations of the
plates are reconstructed using ocean-floor magnetic lineations. A
recent estimation of the errors involved in the identification of the
timing associated to each isochrone finds no more than few
million years (Iaffaldano et al., 2012). The uncertainty associated
with the physical location of plate boundaries is greater and
reaches one hundred of kilometres (e.g. by multiplying the time
uncertainties by the fastest plate velocities: 1 Myr�10 cm/
yr¼100 km). Completely vanished basins cannot be directly iden-
tified, but plate boundary inception and cessation can be traced at
subduction zones, allowing further constraints on the ancient
geometry of the reconstructed plates.

Another source of uncertainty is the true-polar wander (TPW)
correction. Before 100 Ma we adopted a TPW correction based on
paleomagnetic models (Torsvik et al., 2008a). More details have
been published in methodological and review papers (Gurnis et al.,
2012; Seton et al., 2012). Although a complete estimation of the
errors associated with the reconstruction is not yet possible, we
have taken the maximum care in testing the effect of different
reconstructions presenting here only the most robust results. We
do not interpret the statistics of the small plates earlier than 60 Ma
because the number of small plates is too small. For the large
plates we analyse only the main statistical features (mean and
standard deviation). Any bias in the plate size data is excluded
because the boundary model used in this work has been devel-
oped totally independently.

2.1. One or two plate size distributions

Fig. 2 shows the relationship between plate area A and
cumulative plate count N(A), as in Fig. 1 for present time, at every
million years for the past 200 Myr based on the most recent
tectonic reconstruction (Seton et al., 2012). Despite the noise in the
data and the uncertainties in the oldest reconstructions, the
distribution remains remarkably stable for the past 200 Myr.
Furthermore the distinction between large and small plates is
always present, at about log10 (N(A))¼0.9, which corresponds to
ic plates in the last 200 Myr. Earth and Planetary Science Letters
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N¼8 and to A¼107.5 km2. Based on this result, in the rest of the
paper we will always define large plates (LP) among the first 8, and
small plates (SP) among the ones with cumulative number above
or equal to 9.

We have tested the hypothesis that small and large plates form
one or two distributions, benchmarking how well the reconstruc-
tions are fit by a Pareto Law modified by the constrain of the
Earth's finite size. We implemented the algorithm explained in
Sornette and Pisarenko (2003) in Mathematica and plot the
distribution vs. reconstructed data and tested with our different
dataset. Sornette and Pisarenko (2003) use the Maximum Like-
lihood method to analyse the 42 plates model of Bird (2003) and
observe that the kink at present time is compatible with a corridor
around the median at the 95% confidence level, implying that the
kink could be a “fluctuation” at present time and the plates be part
of the same statistical distribution. With our different and larger
dataset, composed by less plates but with a much greater wealth
of data given by their evolution in time, we find that the “kink”
in Fig. 2 is distant between 2 and 3 times the standard deviation
from the median of the distribution predicted by the constrained
Pareto Law and it persists during the past 200 Ma. This result
excludes the possibility that the separation between large and
small plates in the present distribution might be a fluctuation. We
therefore conclude that, despite the uncertainties in the tectonic
reconstructions small and large plates follow separate statistics,
due to distinct causes. It is therefore worth to separately
analyse their distributions and investigate the implications for
global geodynamics (algorithms and detailed plots in the
Supplementary material).

We have determined the slope αSP associated with the size of
the small plates back to 60 Ma with a standard deviation less than
10% (details further in the text). We find that the distribution has
not substantially changed during the Cenozoic, while the data do
not allow a definitive estimation for older times. The statistical
properties of the large plates, instead, have been calculated back to
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Fig. 3. Time evolution of the best fitting parameter αSP (small plates) at each
small oscillations between 3 and 5, around the value of 4. The value of 4 coincides
fluctuations from α¼4 are larger at older times, possibly due to the increase of uncertain
The deviation of the data from the curve is shown in the Supplementary Materials.
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200 Ma. At least 8 plates have been reconstructed at any time in
the past, with the exception of the time earlier than the break-up
of Pangea (about 180 Ma).

2.2. Small plates

The calculation of αSP (inverse of βSP), the exponent associated
to small plates, requires a minimum number of plates to be
statistically significant. The total number of reconstructed plates
during the Cenozoic oscillates between 18 and 31 (detailed plot in
the Supplementary Material). In order to evaluate αSP on the
largest possible set, we excluded the largest 8 plates from the SP
set and we minimised the risk of down-sampling (Bird, 2003)
through averaging only the 10 largest among the SP. We have
therefore estimated αSP with a linear regression fit on six subsets
composed by the plate indexes 9–18, 9–19, 9–20, 10–19, 10–20,
10–21 (Fig. 3).

As shown in Fig. 2, the 10–12 plates of each SP sample
corresponds to more than one order of magnitude in terms of
plate size. We did not calculate αSP earlier than 60 Ma as the
challenge of reliably reconstructing the small basins becomes
prohibitive at older times and the record of the small plates
becomes almost inexistent before 140 Ma. We also calculated the
residuals from the estimation of αSP Res¼Sqrt{

P
[log10[N(Ai)]

−(log10[i]� αSP)]2}/(n−1) and find that Res is always within the
range [1�10−1–3�10−1], one order of magnitude smaller of
the range of variation of log10[N(Ai)], which is [0.9–1.3] (more in
the Supplementary material).

Most of the small plates exist for less than 10–20 Myr. This
implies that 50 Myr is a sufficiently long time for observing the
steadiness of αSP through time. The resulting estimate of αSP
(Fig. 3) is in the interval αSP¼[3–5], or βSP¼[0.2–0.33]. The best
fit is graphically represented every 10 Myr in Fig. 5A. βSP remains
always close to the value (β¼0.25) calculated at present time (Bird,
2003). This confirms the compatibility of this statistics with the
030 1020

n Years Ago)

million year in the past since 60 Ma. No clear pattern appears, besides
with the prediction from classical fragmentation model (β¼1/α~1/4~0.25). The
ties of plate boundary location and reduced number of reconstructed small plates.

ic plates in the last 200 Myr. Earth and Planetary Science Letters
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Fig. 4. Earth Surface tessellation for the last 190 Myr: darker grey indicates larger plate size (legend in Fig. 1). Strongly heterogeneous tessellations have a large-dark Pacific
(or Izanagi) Plate surrounded by smaller grey plates (e.g. 50 Ma). Homogeneous tessellations are uniformly grey (e.g. 110 Ma). Green boundary lines represent convergent
margins while red lines indicate spreading plate boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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analogy with a fragmentation model and other complex systems
such as joint spacing (Sornette and Pisarenko, 2003).

2.3. Large plates

The propagation of errors in plate boundary reconstructions
back in time has a minor effect on the large plates compared to the
small ones. In Fig. 4 we display the Earth Surface tessellation every
10 Myr for the last 200 Myr where, as in Fig. 1, darker grey
indicates larger plate size, green lines represent convergent
margins and red lines refer to divergent boundaries. In Fig. 5B
we plot the linear best fit for the large plates considering the five
subsets indicated by the plate index: 1–5, 1–6, 1–7, 2–6, 2–7, where
1 is the largest plate. These subsets are chosen to be always part of
the large plates (No8). We find that αLP is always above 1,
reaching an almost infinite value when the large plates have
similar size. These tessellations are the most homogeneous, while
the ones for which αLP is minimum they are strongly heteroge-
neous, as the large plate sizes vary mostly. Very heterogeneous
tessellations are reached at ∼60 Ma, while homogeneous tessella-
tions ∼110 Ma.
Please cite this article as: Morra, G., et al., Organization of the tecton
(2013), http://dx.doi.org/10.1016/j.epsl.2013.04.020i
The statistical uncertainty associated to the calculation of αLP
and βLP can be large due to the small size of the sample, therefore
we analyse only the “mean” μLP and “standard deviation” sLP that
are always well defined for a non-singular distribution. We define
sLP as Sqrt{

P
[Ai−μLP]2/(n−1)}, where μLP¼

P
Ai/n, n is the sample

size and Ai is each plate area. Minimum values of sLP indicate
homogeneous tessellation, while maximum heterogeneous con-
figurations. The time evolution of sLP is shown in Fig. 6 for the
largest 6, 7 and 8 plates, displaying a pattern largely independent
on the size of the subset. The jumps in the values of sLP are
associated with major global tectonic events, such as when a ridge
begins or stops to spread. Labels on the figure indicate the most
important ones.
3. Evolution of the Earth's tessellation and major tectonic
events

Our analysis of the reconstructed plate boundaries in the past
200 Myr shows that the distinction between large and small
plates statistics is a characteristic of plate tectonics on Earth,
ic plates in the last 200 Myr. Earth and Planetary Science Letters
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Fig. 5. (A) Fits of the log–log statistical ordered representation of the small plate sizes in the past 50 Ma. (B) The same as in A but for the large plates since 200 Ma. Lowest
values (∼110 Ma) correspond to maps with uniform plate tessellation, while maximum (∼60 Ma) correspond to heterogeneous tessellations.
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as it emerges from the resilience of the “kink” that divides the two
distributions. Focusing on large plates, covering the major portion
of the Earth surface, the time evolution of sLP (Fig. 6) suggests the
existence of an alternation of homogeneous and heterogeneous
tessellations, at a time scale around 100 Myr. Homogeneous
tessellations are clearly visible in Fig. 4, corresponding to the
minimum of sLP (110 Ma), in which the plate colours are uniformly
grey, indicating virtually no difference in large plate sizes. Con-
versely when sLP reaches its maximum value (∼60 Ma) the plate
Please cite this article as: Morra, G., et al., Organization of the tecton
(2013), http://dx.doi.org/10.1016/j.epsl.2013.04.020i
colouring shows great differentiation, indicating that the tessella-
tion has reached a maximum degree of heterogeneity.

The evolution of sLP is also deeply linked to global plate
reorganisations, as it emerges analysing in detail the two turning
points (∼120–100 Ma and ∼65–50 Ma) of the evolution of sLP after
the break-up of Pangea, Laurasia and Gondwana (∼170 Ma). In
fact the two main plate reorganisations in the last 200 Myr
(at ∼100 Ma and ∼50 Ma) (Matthews et al., 2012; Wessel et al.,
2006) have been global as they involved the Pacific and other large
ic plates in the last 200 Myr. Earth and Planetary Science Letters
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plates. The reorganisation at ∼50 Ma, visible in bends of Pacific
hotspot tracks (Veevers, 2000), is likely due to the subduction of
the ridge between the Izanagi and Pacific plates (Goes et al., 2008;
Whittaker et al., 2007), therefore it marks the beginning of
subduction of the Pacific Plate. This event, reducing the size of
the Pacific basin and leaving space for the other large plates to
grow, causes the decrease of plate heterogeneity, and therefore of
sLP. This shows one mechanism linking major tectonic events and
evolution of sLP.

The other turning point of sLP is its minimum that corresponds
to the other main plate kinematic reorganisation originally dated
between 120 and 80 Ma (Veevers, 2000), and more recently
constrained between 105 and 100 Ma (Matthews et al., 2012).
Evidence of this event are in the bends observed in several hot
spot tracks in the western Pacific (Wessel et al., 2006) and in
fracture zones in the eastern Indian ocean. The causes of this major
change are still debated, potentially being Top-Down, such as the
termination of the eastern Gondwanaland subduction or Bottom-
Up, such as plume-ridge interactions (Matthews et al., 2012).
Regardless on the mechanism, we observe that the growth of sLP
coincides with the replacement of the largest plate of the global
tessellation before 100 Ma (the Izanagi Plate) with the Pacific
Plate, which inverts the trend from slow relaxation towards
homogeneous tessellation since the break-up of Laurasia and
Gondwana (200–160 Ma). After reaching the peak of tessellation
heterogeneity at 60–50 Ma, the system slowly returns towards
homogenisation, which still continues.
4. Driving mechanisms

Many works have focused on the interplay between surface
tectonics and mantle convection finding that the lithospheric
strength controls the onset and stability of plate tectonics
(Bercovici, 1998; Tackley, 2000; Trompert and Hansen, 1998), self
organising as a top–down, subduction driven, process (Buffett
et al., 1994; Christensen, 2001; Christensen and Yuen, 1984;
Forsyth and Uyeda, 1975; King, 2001; Lithgow-Bertelloni and
Richards, 1998), although uncertainties remain on the quantifica-
tion of plate stresses (Becker and O'Connell, 2001; Conrad and
Lithgow-Bertelloni, 2002; Lithgow-Bertelloni and Guynn, 2004;
Wuming et al., 1992), the initiation of new divergent plate
boundaries (Allken et al., 2011; Gerya, 2010; Regenauer-Lieb
et al., 2006), the force transmission at convergent margins
(Becker et al., 1999; Buffett and Heuret, 2011; Capitanio et al.,
2009b; Conrad and Hager, 1999; Husson et al., 2012; Iaffaldano
et al., 2006; Zhong and Gurnis, 1995) and the fate of the slab in the
lower mantle (Lee and King, 2011; Morra et al., 2012, 2010;
Ribe, 2010; Li and Ribe, 2012). These works converge towards a
“top–down” view of plate tectonics, in which the driving force is
the sinking of heavy and stiff slabs and in which the stress is
propagated to the surface through the pull of the lithosphere at
subduction zones. The timescale associated to this dynamics is of
tens of million years, as inferred from reconstructing plate motions
from lower mantle slab remnants (van der Meer et al., 2009).

The longer timescales, of hundreds of million years, is asso-
ciated to the convection of the entire mantle (Lowman, 2011;
Ricard and Vigny, 1989; van der Meer et al., 2009), and has been
intensively investigated modelling the active role of thermal
circulation (Crameri et al., 2012; O'Farrell et al., 2013; van der
Meer et al., 2009; Zhong et al., 2000), the insulation of continents
(Coltice et al., 2012; Grigné et al., 2007; Phillips and Coltice, 2010),
compositional differentiation of the lower mantle, in particular
below the African and Pacific plates (Brandenburg and van Keken,
2007; Deschamps et al., 2012; Torsvik et al., 2008b; van Keken and
Ballentine, 1998), the long term evolution of the plate morphology
Please cite this article as: Morra, G., et al., Organization of the tecton
(2013), http://dx.doi.org/10.1016/j.epsl.2013.04.020i
(Lowman et al., 2001; Monnereau and Quéré, 2001; Stein et al.,
2012) and the link between the entire mantle flow and plate
motions (Conrad and Behn, 2010; Husson, 2012; King et al., 2002;
Lowman et al., 2003). Furthermore a recent set of studies has
focused on the relationship between degree two mantle convec-
tion (Rolf et al., 2012) and the observed seismic anomalies in the
lower mantle (Dziewonski et al., 2010), supercontinent cycles
(Zhong et al., 2007) and true polar wander (Creveling et al.,
2012; Steinberger and Torsvik, 2010) suggesting that at a timescale
above 100 Myr they are interrelated. The long-term perspective
associated with these works advocates for a “bottom–up” inter-
pretation of the interplay between mantle-flow and plate
tectonics.

Bottom–up and top–down paradigms of plate tectonics have
distinct fluid-dynamic analogies. Rayleigh–Bénard, or Bénard, con-
vection is defined by the overturning of a heated fluid (either from
the bottom or from within), is analogous of bottom–up mantle
convection (Bercovici et al., 2000; Yanagisawa and Yamagishi,
2005) and is characterised by homogeneous cell sizes (Yoshida,
2010; Zhang et al., 2009; Zhong et al., 2008). This analogy,
although unable to capture compositional complexities and visc-
osity variations, allows estimating the vigour of Bénard convection
from the Rayleigh number defined as Ra¼gαρΔTd3/νκ where d and
ΔT are the size and the temperature variation of the system, ρ the
density, α the thermal expansion, ν the dynamic viscosity and κ the
thermal diffusivity. Bénard–Marangoni, or simply Marangoni, con-
vection (Scriven and Sternling, 1964; Thess et al., 1997) has been
instead proposed as an analogue of top–down plate tectonics
(Anderson, 2001; Lemery et al., 2000; Ricard, 2007), due to the
analogy between the viscoelastic properties of the stiff litho-
spheric core (Hirth and Kohlstedt, 1996; Regenauer-Lieb et al.,
2006) and surface tension. Marangoni convection is not a perfect
analogy as it is driven by the lateral gradient of stress, while on
Earth the stiffness of the plate core has a different role, allowing
the transmission of the pull of the subducting slab to the surface
plates (Capitanio et al., 2009a) and increasing the stiffness of the
plates (Bercovici et al., 2000). Still this analogy is useful as it allows
quantifying the importance of the plate strength to the mantle
convection dynamics, through the Marangoni number Mo¼
−γΔTd/νκ, where γ¼df/dT is the analogue of the derivative of
surface tension df per temperature variation dT (Lemery et al.,
2000; Ricard, 2007). The importance of lithospheric stiffness is
confirmed by numerical models that have shown how the aspect
ratio of the convection cells changes in function of plate strength
(Gurnis, 1988; Moresi et al., 2002; Morra et al., 2012; Zhong et al.,
2007).

When Ra is above ∼1000 the thermal gradient is sufficient to
initiate bottom–up convection, while when Mo is over ∼100 top–
down Marangoni-like convection can initiate. It is known that Ra
for the Earth's mantle is well above 1000, while Mo is less
investigated. To quantify Mo one needs to define an analogue of
surface tension, γ that we determined from the stiffness of the
lithospheric core. This 10–30 km thick layer of the oceanic plate
controls plate strength (Capitanio et al., 2007; Regenauer-Lieb
et al., 2006; Watts and Zhong, 2000), the radius of curvature of the
slab during subduction (Buffett and Rowley, 2006; Capitanio et al.,
2009b), and the predisposition of the plate to fragmentation
(Regenauer-Lieb et al., 2001). Based on this knowledge, γ for the
Earth is determined by the ratio between the plate stresses (ridge
push and the slab pull, s∼[1�1012–5�1013] Pa m) and the tem-
perature variation in the lithosphere (ΔT∼[500–1000] K), which
results in the range γ¼[1�109–1�1011] Pa m/K. Mo can be
straightforwardly calculated assuming γΔT¼s, ν¼1021–1022 Pa s
and κ¼10−5 m2/s, implying Mo¼sd/νκ≈[10–104], around and above
the critical value Moc∼100, where the high value 104 is for a stiff
old lithosphere (high s) subducting in the upper mantle (low ν).
ic plates in the last 200 Myr. Earth and Planetary Science Letters
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This simple calculation shows how the Marangoni number can nail
to the importance of the plate strength in plate tectonics, as also
demonstrated by many numerical models (Moresi et al., 2002;
Zhong et al., 2007).

The two driving mechanisms can be compared analysing the
ratio Ra/Mo e.g. (Skarda and McCaughan, 1994), equal to gαρd2/γ,
assumed the same thickness and viscosity for the two convective
mechanisms. This approach allows eliminating the viscosity and
thermal diffusivity, which are highly uncertain for the mantle, and
the ambiguous thermal variation in the lithosphere. The critical
ratio is Ra/Mo≈10: if Ra/Moc10, buoyancy dominates (Bénard
convection); if Ra/Mo{10, the stiff elastic stresses in the litho-
sphere will impose the Marangoni convection regime. When the
system is dominated by Bénard convection it will tend to sym-
metric, homogeneous tessellations, while Marangoni domination
will induce heterogeneously sized convection cells. Assuming a
thermal expansion (α∼4�10−5 K−1), density (ρ∼3000 Kg/m3) and
thickness of the convective domain (d¼600–2800 km) and putting
everything together, the resulting range for Ra/Mo is [5–104], close
and above the critical value (Ra/Mo∼10). This ratio results even
lower if we assume that the Marangoni mechanism is controlled
by the upper mantle viscosity (Mo∼1/νUM), while Bénard by the
lower mantle one (Ra∼1/νLM), obtaining Ra/Mo∼(νUM/νLM)∼10-1, i.e.
Ra/Mo in the range [0.5–104]. We propose here that the observed
evolution of sLP, characterising the alternation of homogeneous
and heterogeneous tessellations, is in fact the surface expression of
an alternating dominance of either top-down (Marangoni) or
bottom-up (Bénard) driving mechanisms.

Low values of Ra/Mo are reached for old stiffer plates (max-
imum γ) interacting with the upper mantle (minimum d). If one
instead calculates Ra/Mo only for the entire mantle (d¼2800 km)
one systematically obtains values of the order of 102–104, indicat-
ing that the interaction of a stiff lithosphere with a weak upper
mantle is a key factor for the induction of the top-down mode.
This is in agreement with numerical models of plate tectonics and
mantle convection on a sphere (Zhong et al., 2007). The high
values of Ra/Mo when d¼2800 km suggest that a bottom-up
driving mantle will slowly push the system towards a Bénard
state, i.e. homogeneous tessellations. Instead the top-down
dynamic regime will pull away the system from equilibrium
towards Marangoni states, i.e. heterogeneous configurations.
Therefore the alternation between bottom-up and top-down
convection modes is an expected feature of plate tectonics for
the specific Earth layered radial viscosity structure and of the stiff
lithosphere, but the Bénard convection is always present while the
Marangoni one is episodic and controlled by the largest subducting
plates.

Following this interpretation the growth of sLP at 100 Ma is due
to a departure from a “Bénard” equilibrium state towards a
“Marangoni” convection style, in which the stiffness of the oceanic
plates, Izanagi first, the Pacific later, has perturbed the system
from its homogeneous tessellation. This view, besides explaining
key observations, reconciles the debate between top and bottom
driven plate tectonics, suggesting that in the timescale of 100 Myr
and above the Earth system tends to be dominated by the Benard-
style mode-2 convection, while the presence of very large and
oceanic plates, such as the Pacific, perturbs the system through a
Marangoni mechanism and pushes it away from an homogeneous
equilibrium state.
5. Other implications

There are other potential implications in relationship with the
True Polar Wander (TPW), the motion of the Earth's axis position.
It has been already observed that there exists a correlation
Please cite this article as: Morra, G., et al., Organization of the tecton
(2013), http://dx.doi.org/10.1016/j.epsl.2013.04.020i
between geoid, position of slab subduction and superswells
(Richards and Engebretson, 1992; Zhong et al., 2007). Furthermore
the analysis of the TPW during the past 300 Myr has revealed
periods of time of the order of hundred million years characterised
by a relatively fast Polar Wander of up to 1 deg/Myr for 10–30 Myr
(e.g. before 100 Ma), and periods of relative TPW quiescence such
as the last 100 Myr (Steinberger and Torsvik, 2008). Although our
analysis of plate sizes does not allow pointing to the exact
mechanism causing these fluctuations, it nevertheless suggests
that at 100 Ma the style of global dynamics has changed from
top-down to bottom-up tectonics. Before 100 Ma the periods of
intense TPW resulted from greater continental mobilisation and
larger number break-up events (Fig. 6). Conversely the TPW
quiescence in the last 100 Myr coincided with less break-up and
more merging events and, in the last 60 Myr, in a relaxation of the
surface tessellation. These correspondences corroborate the
hypothesis that the variations of global plate tessellation and
TPW must be related.

It has been proposed that the frequency of geodynamo
reversals at the timescale of tens of millions of years is related to
core–mantle boundary heat flow at the equator, i.e. where the
superswells are located (Olson et al., 2010). The Earth's spin axis,
which in turn dictates the core fluid motion, tends to align with
the maximum non-hydrostatic inertia axis. This implies that the
changes of the surface tessellation that are related to the size and
location of slabs and of the thermochemical piles, will modify the
boundary conditions and therefore the inversion frequency. Geo-
dynamo models suggest that the 120–80 Ma reversal quiescence,
the Cretaceous Normal Superchron, has been caused by low heat-
flow at the core–mantle boundary (Aubert et al., 2009). This time
coincides with the minimum of sLP, i.e. maximum tessellation
homogeneity, when, we propose, the flow was dominated by the
Benard-style mode-2 convection, causing a minimisation of heat
flux below the super-swells (Zhong et al., 2007). If this hypothesis
will be confirmed, it will allow also inferring the Earth's surface
tessellation close to past episodes of reversal quiescence such as
the Ordovician and Permo-Carboniferous Reversed Superchrons
(Biggin et al., 2012).
6. Conclusions

We find that the evolution of the plate tessellation on the Earth
in the past 200 Myr can be divided in two sets formed by small
and large plates. The small plates, mostly generated by uncorre-
lated events, display a strikingly stable statistical pattern during
the past 60 Myr, for which a sufficiently large set exists (Seton
et al., 2012). The size of the small plates follows a power law
distribution with exponent 0.25, which may indicate an under-
lying fragmentation model or other complex systems (Sornette
and Pisarenko, 2003).

We find that other complex evolutionary laws, still largely
unexplored by numerical models, govern the tessellation of Earth's
largest plates. Our analysis demonstrates the existence of an
alternation between homogeneous and heterogeneous configura-
tions in the past 200 Myr. This may either indicate a new global
tectonic cycle at the time scale of 100 Myr, superposed to the
Wilson cycle, or episodic pulsations of the global tectonic system
pushing the system away from “equilibrium” homogeneous tes-
sellations towards “out of equilibrium” heterogeneous configura-
tions, followed by the slow return to equilibrium. This alternation
of heterogeneous and homogeneous tessellations relates appar-
ently disconnected geologic events such as the assimilation of
several small plates by the Pacific, Farallon and Phoenix plates; the
splitting of the Kula from the Farallon Plate before 50 Ma; and the
ic plates in the last 200 Myr. Earth and Planetary Science Letters
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Alaska–North America, East–West Antarctica and India–Australia
plates merging during the relaxation phase of the last 50 Myr.

We propose that this evolution is caused by the interplay
between top-down and bottom–up convection mechanisms,
whose role is quantified by Marangoni and Rayleigh numbers,
respectively. Our quantitative analysis illustrates how the specific
radial viscosity layering of the Earth (strong lithosphere, weak
upper mantle, stiffer lower mantle) produces the alternation of
tessellations. In agreement with global numerical models (Zhong
et al., 2007) (O'Neill et al., 2009) and mantle global tomography
(Dziewonski et al., 2010), our analysis supports the hypothesis that
the position of the two present largest plates (Pacific and Africa) at
the antipodes and above the two largest deep mantle low-velocity
zones naturally emerges from the dual nature of the global plate
tectonic evolution. We also show that the variation from intense to
quite TPW, and the related Cretaceous Normal Superchron, around
100 Ma is likely related to the simultaneous homogeneous tessel-
lation caused by Bénard-style mode-2 convection.

Although our analysis of the largest reconstructed plates is
robust and verified on two different dataset, it will need to be
tested with improved reconstructions. Some conclusions pre-
sented here are speculative and alternative explanations could
be proposed. The goal of this work is to indicate new directions of
research for studying the interplay between mantle convection
and plate tectonics.
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