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8 [1] We use the Multipole–Boundary Element Method (MP-BEM) to simulate regional and global geody-
9 namics in a spherical 3-D setting. We first simulate an isolated subducting rectangular plate with length
10 (Llitho) and width (Wlitho) varying between 0.5 and 2 times the radius of the Earth (REarth) and with viscosity
11 hlitho varying between 100 and 500 times the upper mantle (hUM), sinking in a layered mantle characterized
12 by lower-upper mantle viscosity ratio l = hLM/hUM varying between 1 and 80. In a mantle with small upper/
13 lower viscosity contrast (l ≅ 1), trench and plate motions are weakly dependent on Wlitho; plate motion is
14 controlled by slab pull if Llitho ≤ REarth, while for longer plates plate speed strongly decreases because of the
15 plate basal friction and flow reorganization. An increasing viscosity ratio l gradually breaks this pattern,
16 and for l ≅ 10 combined with Wlitho ≈ REarth (and greater) trench advance and retreat are simultaneously
17 observed. These results offer a first-order explanation of the origin of the size (Llitho ≈ Wlitho ≈ REarth) of
18 the largest plates observed over the past 150 Myr. Finally, two global plate tectonic simulations are per-
19 formed from reconstructed plates and slabs at 25 Ma before present and before 100 Ma, respectively. It
20 is shown that MP-BEM predicts present plate kinematics if plate-mantle decoupling is adopted for the lon-
21 gest plates (Llitho > REarth). Models for 100 Ma show that the slab-slab interaction between India and Izanagi
22 plates at 100 Ma can explain the propagation of the plate reorganization from the Indian to the Pacific plate.
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30

31 1. Introduction

32 [2] One of the most striking phenomena that have
33 arisen during the evolution of the Earth is the tes-
34 sellation of its surface into lithospheric plates,

35whose largest ones have comparable size to mantle
36thickness [Bird, 2003]. Numerical models of man-
37tle convection have shown that if a threshold to
38maximum stress is applied, the top stiff boundary
39layer self-consistently split in plates of sizes
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40 comparable to the largest on the Earth [Trompert
41 and Hansen, 1998; Bercovici, 1998; Tackley,
42 2000b]. Furthermore, convection models in which
43 the mantle is heated from within show that the
44 plate-mantle system organizes itself as a top-down
45 process, where the forces propagates from the
46 subducting slabs to the plates on the surface [Buffett
47 et al., 1994]. This scenario is in agreement with the
48 classical view that the major driver of plate tec-
49 tonics is the slab pull [Forsyth and Uyeda, 1975;
50 Lithgow-Bertelloni and Richards, 1998]. However,
51 the exact way the force is transmitted from the slab
52 to the plate is still debated [Becker and O’Connell,
53 2001; Conrad and Lithgow-Bertelloni, 2002], with
54 direct consequences on our understanding of plate
55 stresses [Lithgow-Bertelloni and Guynn, 2004] and
56 the causes of the largest earthquakes [Buffett and
57 Heuret, 2011].

58 [3] Several factors have been put forward for
59 affecting the transmission of the slab pull. Among
60 these factors are the bending [Conrad and Hager,
61 1999; Becker et al., 1999; Capitanio et al., 2009]
62 and tensile strength [Regenauer-Lieb et al., 2006;
63 Morra et al., 2006; Capitanio et al., 2007] of the
64 lithosphere, plate boundary frictional forces [Zhong
65 and Gurnis, 1995a; Iaffaldano et al., 2006;
66 Capitanio et al., 2010; van Dinther et al., 2010],
67 the basal drag due to slab sinking [Conrad and
68 Hager, 2001; Lithgow-Bertelloni and Guynn,
69 2004] and the mantle drag to the sinking plates
70 themselves [Faccenna et al., 1996; Schellart et al.,
71 2002; Funiciello et al., 2003a], the interaction
72 between slabs through mantle flow [Loiselet et al.,
73 2009; King, 2001; Wu et al., 2008], and the
74 dynamic topography of the earth surface, partially
75 controlling trench kinematics [Funiciello et al.,
76 2003a; Schmeling et al., 2008].

77 [4] Geodynamics at the regional scale (a subduc-
78 tion zone one or few thousands km long) has been
79 investigated through with laboratory and numerical
80 methods. Complexities have emerged from the
81 investigation of the role of the internal deformation
82 in the lithosphere [Conrad and Hager, 1999;
83 Regenauer-Lieb et al., 2001] versus the associated
84 mantle flow [Funiciello et al., 2003a; Moresi and
85 Gurnis, 1996]. Recent numerical simulations have
86 shown that the subducting lithosphere adapts its
87 morphology following a principle of minimum
88 dissipation at the trench [Morra et al., 2006;
89 Capitanio et al., 2007, 2009; Stadler et al., 2010;
90 Ribe, 2010], although this result remains contro-
91 versial [Buffett and Rowley, 2006; Buffett and
92 Heuret, 2011; Conrad and Hager, 1999; Di
93 Giuseppe et al., 2008]. Low dissipation in the slab

94implies that the speed of the subduction process is
95only determined by the equilibrium between active
96forces (slab pull) and resisting forces (mantle drag)
97[Faccenna et al., 2001; Funiciello et al., 2003b].
98Comparison with nature indicates that this scaling
99is substantially reflected by plate velocities in the
100Cenozoic [Goes et al., 2008].

101[5] Three-dimensional regional studies of subduc-
102tion have led to the discovery of the major role
103played by plate width [Morra et al., 2006], in par-
104ticular when the trenches are several thousands km
105long [Stegman et al., 2006]. This result has pro-
106duced controversial interpretations of kinematic
107data, suggesting that not plate age (proportional to
108slab pull) but plate size (related to the drag due to
109mantle flow) might better fit kinematic data
110[Schellart et al., 2008; Stegman et al., 2010a].
111While the small number of trenches and the ambi-
112guity of the boundary of each subduction zone
113leave little space to a definitive interpretation of the
114present kinematic data, the comparison of regional
115and global models with plate reconstructions in the
116last 100 Myr offer a clearer insights on the role of
117other important parameters controlling plate tec-
118tonics, such as plate length and degree of mantle
119stratification.

120[6] While this scenario explains many features of
121regional kinematics, how such effects influence
122global models is less understood. Early attempts to
123address this problem have used semi-analytical
124circulation models [Hager and O’Connell, 1981],
125followed by models in which plate geometry was
126prescribed and the mantle flow solution was used to
127calculate the torque at the base of the plates [Ricard
128and Vigny, 1989; Lithgow-Bertelloni and Richards,
1291998]. Forces at the boundary of the plates were
130later introduced [Becker and O’Connell, 2001] and
131brought to the conclusion that one-sided subduction
132is an essential ingredient in order to explain the
133large difference between oceanic and continent
134plate motion [Conrad and Lithgow-Bertelloni,
1352002], implying that the driver of plate motion is
136the presence of strong slabs able to transmit the
137pull. In the last years, the introduction in global
138models of lateral viscosity variations [Zhong et al.,
1392000; Tan et al., 2006], suboceanic weak astheno-
140sphere [Becker, 2006] and nonlinear rheologies
141[Jadamec and Billen, 2010] have suggested alter-
142native ways to explain the fast plate motion, not
143necessary requiring strong slabs.

144[7] These works indicate that in order to compre-
145hend the coupling between regional and global
146scales it is essential to improve the implementation
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