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Highlights

e Geophysical observations suggest the presence of a very thin and weak
sub-lithospheric layer (SLL) beneath some segments of the subducting
Pacific lithosphere, but little is known about its lateral extent.

e Numerical models show that variation in SLL width can alone introduce
significant toroidal flow, which has proven difficult to achieve in previous
subduction numerical studies without a free-edge slab.

e Regional variations in SLL width and viscosity provide an alternative and
novel mechanism for the generation of toroidal motion from buoyant con-
vection.

Abstract

The partitioning of the three-dimensional mantle flow into toroidal and poloidal
components is a diagnostic element to characterise tectonics regimes, with both
fields being substantially active and representative of the contemporary mode of
mantle convection. The toroidal:poloidal ratio (T/P) affects several aspects of
mantle circulation, including the sinking of the subducting lithosphere into the
mantle and the lateral transport of melt and volatiles around the subduction
zone. Geophysical observations suggest the presence of a very weak and thin sub-
lithospheric layer (SLL) underneath several segments of the subducting Pacific
lithosphere; however very little is known about its lateral extent. To address
the impact of an SLL on mantle circulation in three dimensions, we perform
buoyancy-driven subduction numerical models where we introduce an SLL and
systematically vary its width and viscosity. Our results show that a non-uniform
SLL produces a variety of subduction regimes and significant T/P (0.18-0.52).
Most importantly, a considerable toroidal flow component is found in models
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where the slab has no free edge, where the deformation field would otherwise be
completely poloidal, and the toroidal component is suppressed. As such, these
outcomes provide a novel contribution to the long-standing debate on the link
between the slab pull driving force in buoyant convection and the generation of
toroidal flow. Furthermore, these findings aid the interpretation of subduction
zones characterised by lateral variability in slab (c-to-s) morphology and trench
(advance-to-retreat) migration where geophysical studies have reported an SLL,
including Mariana, Izu-Bonin, and Nazca subduction regions, among others.

. 1 Introduction

> The lithosphere, the solid Earth’s uppermost layer, is fragmented into a series of
s strong major and minor tectonic plates moving over a weaker and more buoyant
+ layer of asthenospheric material. At subduction zones, the negative buoyancy
s of slabs, resisted by the drag of the surrounding viscous mantle, drives the mo-
¢ tion and deformation of the tectonic plates and the global mantle circulation
7 (e.g., Forsyth et al., 1975; Lithgow-Bertelloni and Richards, 1995; |Conrad and)|
s Lithgow-Bertelloni, [2002). The resistance to shearing acting at the lithosphere-
o asthenosphere boundary (LAB) plays a critical role in influencing the force bal-
10 ance around the subducting plate and the degree of mantle-lithosphere coupling
u  processes (e.g.,[Forsyth et al.,[1975; Anderson, |1995; Ribe, [1989;|0’Connell et al.
» [1991} [Lithgow-Bertelloni et all, [1993; [Bokelmanml, [2002; Natarov and Conrad
13 2012)). Recent geophysical studies have brought considerable attention to the
u  structure of the asthenosphere at convergent margins (e.g., Kawakatsu et al.|
5 2009; [Naif et all) |2013; Hawley et all |2016). These studies report the presence
16 of an abrupt regional seismic velocity decrease and high electrical conductiv-
v ity increase within a thin and weak sub-lithospheric layer (SLL) underneath
18 several segments of the subducting oceanic lithosphere. Beneath the base of
19 the subducting plate, melt-induced viscosity reductions can occur within one
2 or multiple layers up to 50 km thick and lead up to a ~4 orders of magnitude
2 viscosity jump between the lithosphere and the underlying asthenosphere (e.g.,
2 |Kawakatsu et al}2009; Naif et al.|, |2013; [Hawley et al., [2016)). Two-dimensional
23 numerical models have shown that an SLL can impact the partitioning of sur-
2 face motions, subduction dynamics, and slab morphology in the lower mantle
» by significantly reducing the mechanical coupling between plate motions and
s mantle tractions (Carluccio et al.| 2019; |Cerpa et al., 2022]).

2 While the enhanced melt content and/or presence of hydrated phases could
s significantly lubricate the base of the subducting lithosphere impacting surface
2 motions and subduction dynamics, the complicated physical nature of the LAB
s and the trade-off that exists between power and lateral coverage of seismic
a1 methods hinder the ability to image the lateral extent of these channels. In this
2 study, we focus on addressing the geodynamic role of the lateral extent of the
33 SLL on the partitioning of the induced mantle flow, surface motions, and the
s subduction style using three-dimensional (3D) numerical models of subduction.
3 Any 3D velocity field associated with plate motions can be divided into
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% poloidal and toroidal components for analysis (Forsyth et al. 1975; Lithgow-
w |Bertelloni et al| (1993} Bercovici and Wessel, 1994} Tackley, [2000). Poloidal
s flow corresponds to convergence or divergence in a horizontal plane (e.g., back-
» arc and sea-floor spreading). It is associated with vertical mass transport and
© promotes the deformation of the overriding plate (Uyeda and Kanamori) [1979;
a |Funiciello et al., [2003; [Schellart and Moresil 2013). Toroidal flow corresponds
2 to a rotation in the horizontal plane around a vertical axis, and as such, it is
s associated with vertical vorticity (e.g., transform boundaries or plate rotation)
w 2000). The partitioning of the induced mantle flow is henceforth de-
s noted as the amplitude ratio between the toroidal and poloidal components of
s the Earth’s flow field, T/P. The 3D flow field partitioning is critically important
o for better understanding mantle circulation around the trench zone (e.g.,
s [cenda and Capitaniol 2012} [Long, [2013) and particularly relevant for back-arc
w0 basin formation, melt- and volatiles-transport in the backarc, as well as over-
s riding plate and subducting slab deformations (Forsyth et al.,{1975; [Uyeda and]
s [Kanamori, [1979; [Long, [2013). The present-day average T/P depends on the
2 choice of reference frame adopted and changes during geologic time 1|Cadek and
s3 [Ricard| 1992 [Lithgow-Bertelloni et al., |1993; [Tackleyl 2000). Nonetheless, no
s« plate boundary is purely poloidal or toroidal but usually displays some combi-
ss  nation of the two. Both flow fields are currently observed on Earth and strongly
s localised along plate boundaries with comparable peak values (O’Connell et al.|
s» 1991} Bercovici), 2003). Hence, the Earth’s surface toroidal component is a rel-
s evant fraction of the whole flow field (Hager and O’connell, 1978; |O’Connelll
s fet al.| 1991} |Lithgow-Bertelloni et al.| [1993), although smaller than the poloidal
o0 component, having ranged between approximately 0.25 and 0.5 (excluding net
o rotation) in the last 120 million years (Olson and Bercovici, (1991} Lithgow-|
e [Bertelloni et al.l [1993]).

63 Buoyancy-driven fluids with only vertically layered viscosity do not generate
s« any toroidal motion and lateral variable viscosity convection (e.g., with con-
s stant, depth-dependent or temperature-dependent viscosity) calculations typ-
e ically produce only a limited amount of T/P (Christensen and Harder, [1991;
&7 [2000). There is apparently no direct link between the driving slab
¢ pull force in buoyant convection (which drives only vertical and divergent mo-
o tion) and the development of toroidal flow. The challenge of how to trigger
7 buoyancy-driven flow to induce and self-sustain the generation of toroidal flow,
n  either through horizontal viscosity variations or boundary conditions (i.e., im-
2 posing plates, faults, or strain weakening effects at plate margins) represents the
7 so-called “poloidal-toroidal coupling problem” and remains an open issue in un-
7« derstanding the generation of Earth’s plate-tectonic style of mantle convection
s (Bercovici et al., 2015).

7 It has been proposed that the degree of lithosphere-mantle coupling processes
77 could contribute to the amount of toroidal flow observed at plate boundaries
7 (e.g., Bercovici and Wessel, [1994; |O’Connell et al.l [1991} |Gable et al. [1991]).
79 Global convection models show that the inclusion of a thickened low viscosity
9o zone (LVZ) - the asthenosphere - favours plate-like behaviour; however, they
a1 also reveal smaller effects on the global net rotation and observed patterns of
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2 global seismic anisotropy (Tackleyl 2000; [McNamara et al., 2010). On the other
ss  hand, a thin SLL could accommodate horizontal shearing and gravitational slid-
s ing of the lithosphere much better than distributed vertical loading or unloading
s over regions significantly larger than the layer’s depth (Scoppola et al.l [2006;
s |Carluccio et al. [2019)). Hence, variations in SSL viscosity and their spatial dis-
&7 tributions could influence how the deformation flow induced in the mantle by the
s sinking slab is split between its vertical and lateral flow, playing a fundamental
s role in subduction geodynamics.

% Previous 3D modelling work has shown how the subduction of an oceanic
o plate into the underlying mantle is accommodated by both the poloidal and the
22 toroidal flow components (e.g.,/Conrad and Hager| 1999} [Kneller and Van Kekenl,
s [2008} [Piromallo et al., 2006)). The relative contribution of each component de-
o pends upon lateral variations in plate and trench widths (Funiciello et al.l 2004}
s [Schellart et al.l 2007} [Stegman et all [2006), temperature distribution around
% the slab, plate age and strength (Kincaid and Griffiths, |2003} 2004; |Goes et al.,
oo 2011)), slab and mantle viscosity and buoyancy contrast (Capitanio et al., [2007;
o |Conrad and Hager, [1999; Kneller and Van Keken), [2008} [Piromallo et al., 2006]),
o lithosphere-mantle rheology (Pusok et al., 2018} Billen and Hirth) 2005)), initial
w0 conditions in a spherical spontaneously driven subduction (Crameri and Tack-
o1 eyl 2014)), the inclusion of an oceanic plateau (Moresi et al., 2014; [Pusok and
102 , multiple slabs interacting with each other (Kiraly et al), 2017)
;s and with the overriding plate (Sternai et al., |2014)), double subduction systems
s (Pusok and Stegmanl 2019), as well as plate geometry (Bercovici and Wessel|
s 11994} [Kneller and Van Keken) 2008). These factors have been shown to in-
ws fluence mantle displacement around the subducting slab and contribute to the
w  curvature, migration, and dynamics of a subduction zone (e.g., [Funiciello et al.|
ws  [2008; [Faccenna et al., 2010} Long} [2013). While each component of a subduction
100 system is fundamental and contributes to the evolution of mantle flow and slab
uo  deformation, a clear understanding of the relative control of SLL width on the
w  partitioning of mantle circulation and its relationship with subduction surface
12 motion, and subduction dynamics has yet to be resolved. In this study, we vary
us  the viscosity and width of the SLL to determine the relative controls on slab and
us trench curvature and shape, trench and plate migration rates, and partitioning
us and evolution of mantle flow.

s 2 Method

ur  To investigate the role of an SLL on subduction dynamics, we use the numerical
us code Underworld2, described in detail by [Moresi et al|(2007) and Mansour et al.|
s (2020). We adopt a pseudo-plastic rheology approximation and build upon the
o work of [Carluccio et al| (2019) by expanding to the third dimension.

121 This approach uses Newtonian rheology everywhere but the oceanic crust
12 of the subducting plate, which is visco-plastic. The visco-plastic layer acts as
13 a lubricating phase to simulate the free surface and to allow the hinge of the
s bending plate to detach from the surface (e.g., Schmeling et al., 2008). When a
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s Newtonian constitutive relationship is implemented (for an incompressible fluid)
s the relationship between the deviatoric stress, 7;;, and strain rate, 7", tensors
17 i defined as:

Tij = 20" (1)

128 where €;; = % (g;’? + %) is the strain rate tensor. When plastic failure is
j i

120 considered for the uppermost layer, the total effective viscosity, 7, is taken as
1o the minimum between the viscous, 1'%, and the plastic, 7P, terms, as follows:

Ner = min[n*®, "] (2)

131 We implement Byerlee’s law by assuming the so-called depth-dependent ap-
12 proximation of the Drucker-Prager yield criterion (Moresi and Solomatovl, [1998;
1 [Tackleyl, |2000)). In this case, the yield stress, 7y, and the effective viscosity of
1 the plastic branch, n,, are implemented as follow:

Yy
Mol = 77— (3b)
135 Ty =To+ 1P1itn (3&) 211
h . (1. s (1/2) . . . .
136 where ;7 = (55“5”) is the second invariant of the strain rate, 79 the

17 cohesive strength, p the friction coefficient, and Py, = pgz is the reference
s lithostatic pressure at depth, z, whereby p is the density of the oceanic litho-
130 sphere and g is gravity. We use a cohesion of 20 MPa, a friction angle of 30°, and
uw a density contrast between the oceanic lithosphere and the underlying mantle
i of 80 kg/ m®, consistent with the values calculated in the study of |Cloos| (1993).
12 We reproduce the evolution of a mature 70 Myr-old oceanic lithosphere and use
13 the thermal age of the oceanic plate to compute its initial thickness. We neglect
us  temperature diffusion as the duration of the experiment is approximately 14
15 million years and are modelling an established subduction zone.

146 Subduction dynamics and mantle flow are modelled in a Cartesian box that
w  extends 4,000 km and 3,000 km in the horizontal X and Y directions, respec-
1 tively, and 660 km in depth (Z). Our models are made of 4 layers. There is an
1s  oceanic crust (OC), an oceanic plate (OP), an SLL, and an underlying upper
s mantle (UM), as shown in figure [lp. The modelled SLL is located at the base
151 of the oceanic plate and has a default thickness of 30 km.

152 The initial condition for the subducting plate includes an initial trench posi-
153 tion 1,000 km away from the wall and a slab tip already penetrating the mantle,
1sa 257 km deep with a dip angle of 34° to the horizontal. We use a model domain
155 of 256%64*64 elements with uniform grid spacing in each coordinate direction
s and verified the model outputs using a higher-resolution grid of 256*128*128.
157 The velocity boundary conditions are free-slip everywhere to minimise the influ-
158 ence of the box sidewalls. We do not apply any kinematic boundary condition
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150 and subduction is thus dynamically initiated. The assigned values result in sub-
o duction velocities of 2-10 cm/yr (figures [2h, [3), and divergence and vorticity of
6 £200 Gyr (figures [6J7J9) are both in line with the average values predicted on
e Barth (e.g., ?@D The rheological and geometrical model setups are
163 both described in detail in (Carluccio et al.| (2019). More information about ini-

s tial and varied parameters in this study can be found in figure|l| and supporting
s table T1, respectively.

e 2.1 Induced flow characteristics

17 We decompose the 3D velocity field (u) into its poloidal and toroidal components
s for analysis of the induced flow characteristics. Following previous work (e.g.,
wo [Tackleyl 2000; Piromallo et al., 2006 |Stegman et al., [2006), the decomposition
o is carried out in two-dimensional slices by evaluating horizontal divergence and
wn vertical vorticity in each 2D grid point in time and space during the subduction
12 evolution of the experiment.

173 The horizontal divergence is calculated as:
g 0
Viei=|=—,=— ] u 4

, ( a 8y) )
174 and the vertical component of vorticity as:

w,=2-Vxu (5)
175 The surface integral of the horizontal divergence and vorticity yields to their
we 2D scalars, which are the poloidal, ®, and toroidal, ¥, potentials.
177 We obtain the poloidal potential, ®, by integrating V} in an x-y plane at a

s depth of interest:

(I)(t)|z:depth = # Vh(t) dzdy (6)

w(L)

179 and the toroidal potential, W, is calculated by integrating w, in an x-y plane
10 at a depth of interest, as follows:

V()] ooyt = # w.(t) dz dy 7)
w(L)

181 The toroidal:poloidal ratio is one of the most traditional quantities invoked to

12 quantify plate-like behaviour and long-term mantle circulation (Tackley} |2000)),
183 and is simply:
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v
T/P=— 8
/P=3 (8)
184 We analyse mantle flow in the proximity of the surface, underneath the LAB,

15 and in the vicinity of the 660 km discontinuity. The evaluation of the velocity
185 field is carried out at least 3 elements away from a phase or a model boundary
17 to avoid any potential numerical noise that could arise from abrupt changes in
188 the physical properties of two adjacent layers.

189 To explore the relationships between the induced flow characteristics and
1o subduction surface motions, we introduce the subduction partitioning param-
i eter, Vp/Vp, as the ratio between trench migration and the horizontal plate
12 velocities, Vp and Vp, respectively. When the partitioning of the induced man-
03 tle flow and surface motions are compared (e.g., figures and@[), the evaluation
e is carried out during the initial temporal stage of the subduction evolution (0-7
s Myr) to ensure that the interaction of the slab with the 660 km discontinuity
106 does not influence the results (Carluccio et al., 2019)).

197 We identify end-member cases that outline the mechanical effect of the SLL,
s by varying the ratio between SLL and oceanic plate width (W*=Wgsrr/Wop),
1o between 0 and 1, and the viscosity ratio between SLL and upper mantle, nsr1,/
20 1uMm, between 10 and 102. In our study, we use a simplified rheological and
20 geometrical model setup that allows us to constrain the impact of an SLL alone.
22 Furthermore, the chosen model setup with no free-edge slab, allows us to verify
203 that models with no lateral viscosity variations, such as the reference model RM
20 (W* =0), as well as M4 and M8 (W* = 1), yield very small values of T/ P, on the
s order of 1072 (figures 4 and , indicating that when significant T /P variations
26 are observed (10°-1071) it is due to subduction dynamics and not a numerical
27 artefact. We also performed a small number of additional numerical experiments
2s  to explore the extent to which some of our simplifications may influence our
200 conclusions, such as the inclusion of the lower mantle (supporting figure 1) and
20 the use of a model setup with a free-edge slab (figure . Also in these models,
an an SLL maintains a constant signature. The results obtained in our numerical
22 simulations are systematically investigated through the analysis of the impact
a3 of SLL width and viscosity on: i) slab morphology and subduction partitioning;
210 ii) comparison of the divergence and vorticity fields; iii) evolution through time
a5 of induced poloidal and toroidal potentials and flow field partitioning, and iv)
216 applicability of our numerical outcomes to natural subduction zones.

» 3 Results

28 All our numerical experiments share three distinct stages of a subduction zone
20 temporal evolution (figure [3]), as observed in previous studies (e.g., [Yamamoto
20 et al2007; [Stegman et al.,2006). During the first stage and until approximately
a1 5 to 6 Myr, subduction is dynamically initiated and the slab accelerates while
22 sinking into the mantle underneath. This stage is followed by a deceleration
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23 phase due to the slab tip interaction with the upper-lower mantle transition
24 zone which lasts until ~6-8 Myr. After this period, subduction reaches a steady
25 state configuration intermediate between the previous two at approximately 10
26 Myr (figure |3). Below, we start by presenting the evolution of the reference
27 model (RM) and later outline the outcomes of the remaining models in relation
2»s  to the RM case and, subsequently, to one another.

2 3.1 Reference model time evolution

20 The reference model has the same initial geometry as the model setup, but it
a1 does not contain an SLL (figure . The slab average dip-angle is approximately
a2 70°. It slightly increases when the slab tip interacts with the bottom of the
23 modelled box at ~7.8 million years, after which the slab lies flat in a convex -s-
24 shape at the 660 km discontinuity. Slab subduction into the underlying mantle
235 1s accompanied by two poloidal cells, one ahead and one behind the subducting
26 slab (figures [2h,b). Divergence and poloidal potential values vary within +200
27 Gyr and 1072-107%, respectively, for the RM case (figure [5| and6). Both are
28 in line with the average values predicted on Earth (Bercovici, 2003} |O’Connell
20 et all, [1991). The toroidal component of the RM case is much smaller than the
20 poloidal counterpart, and generally with |w.| < 7.7 Gyr and ¥ on the order of
w1074 (figures |§| and ) Limited values of vorticity in relation to areas of high
2 strain rates (i.e., at ridges and above the subducting slabs) may be observed,
23 as seen in previous work (Tackley], 2000); however, this also leads to T/P ratios
20 on the order of only a few percent. Since our RM provides a reliable base, it
25 was chosen as a reference for comparison with models having an SLL.

x 3.2 Effect of SLL width on the subducting style - slab
207 morphology and surface motions

28 An SLL has the overall effect of enhancing plate velocity, hampering trench
29 retreat motion and in some cases affecting the morphology assumed by the
x0  subducting slab (figures [2] and [3), in agreement with previous work (Carluccio
s let al., [2019; |Cerpa et al., [2022). However, in this study, the extent of these
»2  effects depends on both the viscosity contrast between SLL and the mantle
3 (nsLL/nm), and the ratio between OP and SLL width (W,). To illustrate this
4 impact, we divide our numerical experiments into two sets. The first set, M1-
x5 M4, has moderate (nspLr,/nv = 10?) viscosity contrast and the second, M5-MS,
s has lower (nspr/mv=10") viscosity contrast. For both sets, we vary W, from 0
7 to 1 with an increment of 1/4 and maintain 5y, /ny constant (figure )

258 The models within set 1 present a remarkable change in the subduction
0 style compared to the RM (figure [2)). Specifically, the M4 case (W* = 1)
x0  shows the largest plate velocity with an increase up to a factor of approximately
s 2 compared to the RM case, continuous trench advance and a steady-state
%2 subducting slab that buckles in a concave -c- shape at the 660 km discontinuity
s (figures 2p,f and Bp). Subduction experiments with Wgy,, values intermediate
% between the two end-member cases, RM and M4, exhibit lateral variation in
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x5  the subduction style from one side to the other of the subduction zone. For
6 example, M2 (WW* = 0.5), is characterised by the co-existence of two distinct
»7  slab behaviours. Specifically, the area of the slab with no SLL shows a convex -s-
x%s shape, trench retreat and a slab flattening at the 660 km boundary; conversely,
%0 the remaining part of the slab exhibits a concave -c- morphology, trench advance
a0 and a steady-state slab buckling at the transition zone (figures ,d and .
an Overall, we find significant lateral variation in slab morphology and surface
22 motions for models with 1/4 < Wgyr, < 3/4 and smaller ones for the remaining
a3 cases (figure [3)).

274 The second set of models presents an overall slab roll-back mechanism and
a5 trench retreat motion (figure . Models with 1/2 < Wgr, < 3/4 show lateral
76 variations in trench migration, but the lateral shape of the slab does not vary
o significantly.  As such, set 2 shows reduced SLL effects compared to set 1.
s However, it also presents diminished trench retreat rates and enhanced plate
2o velocities compared to the RM case (figure |3). The M8 case (W* = 1) shows
20 the highest Vp for this set of models, with an increase up to a maximum factor
s of ~1.7 compared to the RM, and a combined quasi-stationary and retreating
22 trench motion.

s 3.3 Effect of SLL width on the induced deformation flow

2s To summarise the impact of an SLL to the vertical and lateral transport of mass
25 around the subducting slab, we describe end-members’ behaviour for RM, M4
2 and M2 cases, as shown through a comparison in figures ] and 5] In common
27 with all the models, we observe three main characteristics: i) surface divergence
283  is higher at ridges and above the slab (extensional areas), and smaller at the
20 trench (i.e., at the convergence zone); ii) this trend is attenuated at the LAB;
20 and iii) the trend reverses at deeper depths compared to the surface (figure
21 M), Both RM and M4 do not show lateral variation in V}, and share similar
22 divergence patterns. However, M4 overall presents the largest divergence values
203 (figure [4) justifying the model’s highest plate velocity (figure [3)). The same
2a  model is also characterised by a region of strong extensional flow in the sub-slab
25  mantle due to the presence of the SLL entrained everywhere beneath the base of
26 the oceanic plate. In M2, the inclusion of an uneven SLL causes lateral variation
27 in the divergence field around the plane of symmetry of the subduction zone,
2 Y=0, due to the development of a toroidal flow (figures [4] and [5h).

209 The comparison of the vorticity field of RM, M4 and M2 modelling cases is
s0 shown in figure |5} This comparison allows us to test that there is no substantial
sn  vorticity in models with no lateral viscosity variations regardless of depth, such
w2 as RM and M4. Conversely, it is possible to observe the development of a strong
a3 toroidal cell at the base of the oceanic lithosphere, which influences the whole
50 model domain in M2 (figure |5} third column).
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w 3.4 Temporal variation of the induced mantle flow and its
306 partitioning

7 In our models, the strength and intensity of both the poloidal and toroidal
ws potentials may vary during the subduction process. Their evolution through
w9 time is shown in figure [f] through a comparison among the RM, M4 and M2
s cases. All these models share a few characteristics in common. Firstly, the
au  poloidal component is active since the early stages of the slab dynamic evolution
s (figure @a, ¢, e). Secondly, lower values of poloidal potential are registered
a3 closer to the LAB and larger ones near the base of the model, except for the
aie initial 2 Myr where the amplitude of poloidal potential is greater nearer the
as  surface. After this initial period, ® is greater at lower depths due to the larger
a6 vertical motions (meaning that the slab is subducting under the weight of its
s own negative buoyancy), whereas closer to the base of the modelled box, it
as  follows the trend in plate speed (figure 3.

319 A point of difference across these models is the trend in the temporal evo-
20 lution of the poloidal potential near the LAB after the first 3 Myr. At this
s depth, ® remains generally stable and does not vary significantly for the RM
;2 case. Conversely, it decreases more slowly before slightly increasing again at
s23 8 Myr for the SLL cases. For the latter models, the changes in the evolution
324 of poloidal potential result from SLL entrainment; the flow field evolution re-
s mains otherwise stable for the RM case. In addition, the overall highest poloidal
w26 potentials are observed for M4, followed by M2 and RM cases, resembling the
w7 hierarchy in plate velocities (figure [3)).

8 The toroidal potentials of the RM and M4 cases are of the order of 1074,
29 stable through time (figure [6p,d). Contrarily, for the M2 case, average values
s of U are on the order of 107°~1072, stronger in the sub-lithosphere and deeper
s upper mantle where they resemble the trend evolution of the subduction speed,
sz with lower values closer to the surface where they slightly increase over time.

3.5 Surface flow field partitioning

s The comparison of the evolution of the surface flow field partitioning (T/P)
15 through time for simulation sets 1 and 2 is shown in figures [th and b, respec-
16 tively. For the RM, M4 and M8 modelling cases, the T/P is only a few percent
s (2-5) and smaller compared to models with 0 < Wgr;, < 1, where significant
ss toroidal flow (18-52) is found. For the latter cases, T /P generally increases with
;0 time, in particular, after the slab tip interacted with the upper-lower mantle dis-
a0 continuity, at approximately 7 Myr and 8 Myr for sets 1 and 2, respectively. The
s first modelling set shows higher T/P values than the second due to the higher
s viscosity contrast SLL-UM. For the former, T /P can increase up to a maximum
sz of 0.52 after 7 Myr and is overall stable before then with mean values ~ 0.25
s (figure[Th). For the latter case, T/P exhibits reduced variability over time, with
us  a maximum of ~ 0.2 (figure [Tp).

6 In figure [Bh, we present an additional comparison of the evolution of man-
s tle flow for RM, M2 and M10 cases. The M10 modelling setup is the same as
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us  the RM, but its plate width is only half of the modelled box width (Wop =
s 1/2Wpg,.), and as such the initial condition includes a slab free edge surrounded
30 by mantle material. For the M10 case, the surface T /P can reach values greater
st than 0.8, which are not generally found in a no-net reference frame. The tempo-
2 ral evolution of the poloidal potential of the M10 case follows a similar trend as
s the other models (figures [6] and [8p), though with a lower magnitude due to its
s narrower slab width. However, differences arise in the M10 temporal evolution
35 of the toroidal potential, which trend mirrors the three stages of slab speed evo-
36 lution consistent across the entire model domain including at the surface where
57 an additional toroidal cell is present (figure [8 and supporting figure 2).

s 3.6 The influence of sub-lithospheric layer width on the
350 partitioning of the induced mantle flow and surface
300 motions

1 The influence of SLL width on the partitioning of the induced mantle flow,
2 T/P, surface motions ,Vr/Vp, and slab morphology is summarised in figure
363 @a Models having 1/4Wop < Wgrr < 3/4Wop generate the most significant
s lateral variability in subducting slab morphology, trench migration, as well as
w5 larger values of T/P. From the analysis of the flow field partitioning emerges
s that the poloidal flow is the predominant component for all the models, except
7 for when it is compared to the toroidal potential underneath the slab for SLL
s models having 1/4Wop < W, < 3/4Wop. For these models, the largest T /P
w0 is recorded around the LAB, followed by the deeper mantle and then the surface,
s with values up to 1.75 and 0.5 closer to the LAB and 660 km discontinuity,
w1 respectively (figure[8h). By applying polynomial regression, we find an empirical
sz quadratic relationship relating T/P to W* at different depths (figure [§)). This
w3 relationship highlights that T/P is the highest when SLL extension is half of the
s plate width and diminishes gradually on either side by increasing or decreasing
s W*. We also find an empirical linear relationship that describes the influence
sre - of W* on the partitioning of the subduction surface motion in trench and plate
s migration rates (figure . This relationship can be used to estimate the full
ars  extent to which SLL width and viscosity parameters may affect the subduction
s partitioning given our particular model set-up.

w 3.7 Application to natural subduction zones

s Our numerical simulations employ varied parameters over a range that is Earth-
s2  like applicable (figure and supporting table T1) following previous work
33 ((Carluccio et al., [2019)).

384 To test the applicability of our numerical experiments to natural subduction
s settings, we use the estimates on Vp and Vr from |Clennett et al.| (2020)) relative
s to the mantle reference frame using the optimised plate boundary model of
ser [Tetley et alf(2019) built in a no-net reference frame for major subduction zones
s on Earth. The values of Vp and Vp from our models most positively align
s with the observed present-day plate and trench migration rates constrained
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w0 within Vy+1/3Vp (figure [0p), which represent most subduction zones on Earth
s across various reference frames (Coltice et al., 2017). However, along some
s of the subducting segments of the Pacific rim, there is little correlation with
33 our models (i.e., where Vp > £1/3Vp), such as the Tonga and New Hebrides
s trenches. Nevertheless, many of the remaining subduction regions fall within
35 the range of Vi < +1/3Vp, while also undergoing significant lateral changes in
s slab morphology and trench migration, as observed in regions like Mariana, Izu-
s7 Bonin, and Nazca where an SLL has also been imaged by geophysical studies
s (e.g., [Kawakatsu et al. 2009 [Naif et al., |2013). Furthermore, we apply linear
s regression to all SLL models obtained in this study and find a striking linear
wo  relationship relating plate and trench migration rates. Lastly, our 3D results
w1 have been plotted on top of the 2D values obtained in the study of
w02 (in black), showing that an SLL maintains a constant signature.

«» 4 Discussion and concluding remarks

ws A range of geophysical studies (e.g., [Kawakatsu et al., [2009 [Naif et al. [2013}
ws [Hawley et all|2016) has recently brought considerable attention to the detailed
ws structure of the asthenosphere at subduction zones. These studies report that
a7 asthenospheric local and regional configurations may lead to up to a ~4 orders
ws of magnitude melt-induced viscosity reduction localised into one or multiple
wo thin and more buoyant layers at the base of the lithosphere. Such ultra-low
a0 viscosity reductions appear compatible with global plates and seismic anisotropy
s models as long as their lateral extent remains limited compared to the rest of the
a2 tectonic plate 2017). However, little is known about the lateral extent of
a3 these features due to several challenges including the non-uniqueness associated
ais with the viscosity and thickness of deep Earth layers, the elusive nature of the
as  LAB, as well as the trade-off between the power of geophysical methods and
ns  their lateral coverage (Fischer et al., [2010; [Long), [2013; Richards and Lenardic,
a7 [2018). As a consequence, thin and narrow sub-lithospheric layers have remained
ss  “hidden” from many geophysical studies and their three-dimensional impact on
a9 subduction dynamics is poorly studied.

420 Our numerical models address the geodynamic impact of combined SSL
a1 width and viscosity properties on the partitioning of subduction surface mo-
a2 tions, induced mantle circulation and slab morphology. We use the plate and
w23 trench migration rates and slab morphology to characterise the subduction style
«2s in addition to using the vertical and lateral components of the flow field, their
w5 poloidal and toroidal potentials as well as their ratio to analyse the subduction-
w26 induced mantle flow.

a27 In our study, the primary effect of introducing an SLL of a limited ex-
w28 tent compared to the oceanic plate is to promote the development of substan-
w9 tial toroidal flow beneath the base of the oceanic plate, which may impact
a0 trench and plate migrations, and the morphology assumed by the subducting
w  slab unevenly (figures [2J] and [9). These effects are particularly significant for
w 1/4Wop < Wsrr < 3/4Wop and num/nsLL > 101, and reduced for smaller
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a3 width or viscosity contrasts.

a3 The M4 case with Wgrp > 3/4Wop and ny/nspL=10% shows the largest
a5 plate velocities, trench advance and a steady-state subducting slab continuously
16 buckling at the 660 km discontinuity. Subduction experiments with 1/4Wpp <
ar Wsrr < 3/4Wop exhibit large plate speed, changes in slab morphology (s-to-c
a8 shape) and trench migration (retreat to advance) from one side to the other of
o the subduction zone (figuresand[3). Models with reduced SLL width (Wgr, <
mo  1/4Wep) and/or viscosity contrast (m/nsLL < 10?) show overall smaller lateral
s variations in trench and plate migration rates and slab behaviours.

442 We find that combined SLL width and viscosity variations enhance an overall
w3 advancing trend for both plate and trench motions, in addition to increasing Vp
s up to a factor of ~ 2. However, they have only a limited effect on slab tip
ws migration (figure B, f); thus, showing once again that an SLL has a greater
ws influence on tangential motions than it has on vertical movements, consistent
a7 with previous findings (Carluccio et al., [2019)). Viscosity reductions at the base
ws  of the lithosphere can result in the entrainment of an SLL (e.g.,
mo et al) [2009; Hawley et al., [2016)). By reducing the viscous drag on one of the
w0 slab sides, an SLL favours the gravitational sliding of the oceanic plate justifying
i1 the increase in slab velocity up to a factor of two observed in our models. The
sz slab dynamic behaviour is then driven by both slab pull and asthenospheric
i3 drag exerted at the base of the plate opposed by the viscous flow induced by
s the adjacent mantle and the slab bending resistance (e.g., Ribe, 2001} |Capitanio
w5 let all 2007t Natarov and Conrad} 2012} [Coltice et all [2019).

w6 In accordance with previous work (e.g., [Funiciello et al., [2004; Stegman|
7 et al.l |2006; [Piromallo et al., |2006; |Capitanio and Faccendal [2012f), we find the
ss  subduction-induced mantle flow to be highly three-dimensional where poloidal
0 and toroidal flows coexist since the early stage of subduction. In our models,
w0 poloidal motion represents the predominant flow component at the surface (fig-
w ure [9h). Consistent with previous work (Holt et al) [2017), we also find that
w2 the amplitude of the toroidal:poloidal ratio is greater in the mantle compared
w  to the surface (figure [9)).

a64 Significant T/P (20-60%) is only found in models having lateral viscosity
w5 variations, such as 0 < W* < 1, and is due to the development of a toroidal
ws cell beneath the base of the lithosphere (figure [5)). These models record T/P
w7 values that are one order of magnitude greater than what is found in the other
ws cases (W* = 0,1), where this ratio is otherwise on the order of only a few
w0 percent (2-7%) and stable over time. Models showing considerable toroidal flow
w0 are characterised by T/P that generally increases over time and, specifically,
an  after the slab tip has interacted with the upper-lower mantle transition zone at
a2 approximately 7 Myr and 8 Myr for sets 1 and 2, respectively. For simulation
w3 set 1, the maximum observed surface T/P is 0.52 and approximately 0.2 prior
e to 7 Myr. Conversely, the second set of models presents lower T /P variability
a5 over time with a maximum value of ~0.2.

a76 Sub-lithospheric lateral viscosity and width variations induce lateral flow
a7 migration and the development of toroidal flow patterns. We attribute the in-
ws crease in T/P through time to the presence of an entrained SLL beneath the
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s slab. By acting as a partial barrier, an SLL compels mantle flow to migrate
w0 laterally generating a toroidal cell underneath the base of the lithosphere (fig-
@ ures 2] and [5). Lateral flow migration is further enhanced by the slab sinking
w2 into the mantle through time, which provides an additional physical barrier to
w3 mantle flow in the trench-strike direction. The combined action of these two
sss  mechanisms strengthens the amplitude of the toroidal component more than its
w5 poloidal counterpart over time (ﬁgure@, resulting in an increase in T /P, as well
w6 as in uneven lateral patterns of trench migration and slab morphology (figures
487 and .

ass Our study shows that variations in SLL width and viscosity can induce sig-
0 nificant vorticity from buoyancy-driven convection leading to Earth-like T/P
a0 values, which had proven difficult with previous generations of subduction nu-
s merical studies with a continuous slab. These outcomes provide an alternative
w2 and novel mechanism for the apparent lack of a direct link between the slab pull
w3 driving force in buoyant convection and the generation of toroidal flow; thus
w4 showing that substantial toroidal flow can be induced from a buoyancy-driven
ws flow by introducing horizontal viscosity variations within the top asthenosphere
ws  (Tackleyl, |2000; Bercovici, 2003)).

a97 Furthermore, we identify an empirical second-order relationship that de-
w8 scribes T'/P and the subduction style as a function of W*. This relationship
w0 indicates that the largest T/P are found for the most asymmetric cases, such
so as M2, characterised by the co-occurrence of a c-to-s slab shape and retreat-
son  to-advance trench motion. The toroidal:poloidal ratio and asymmetry in the
si2  subduction style diminish gradually by either decreasing or increasing W* re-
ss flecting in the prevalence of either s or c¢ slab morphology, and retreating or
s« advancing trench migration, respectively (figure E[)

505 Our models develop T /P values that fall within the observed surface range
s of 0.2-0.5, consistent with what would be expected in a no-net reference frame
507 2003). Similarly, our average vorticity and divergence values (200
o Gyr—!) align closely with the present-day surface flow field data obtained through
s the analytical NUVEL-1 model by |O’Connell et al{(1991)). Our subduction par-
s titioning values also fall within £1/3, consistent with observations for most nat-
su  ural subduction zones regardless of the reference frame adopted
512 ' .

513 Our findings outline a means to aid the interpretation of the geological
siu - record of subduction zones characterised by lateral variations in the subduction
si5 style (e.g., uneven plate speed, trench migration as well as convex-to-concave
sis slab shape) and mantle flow patterns (e.g., trench parallel-to-perpendicular
sz anisotropy), as observed in Izu-Bonin, Hikurangi-Kermadec, and Nazca regions,
sis among others (Long, [2013} |Goes et al., |2017). In these regions, geophysical
s studies (Naif et all 2013; [Stern et al., |2015; Kawakatsu et al., [2009)) have im-
s0 aged the presence of an SLL, and if it is indeed present, it could help to explain
s some of the intricacies in the patterns of slab and mantle deformation observed
s2  in these natural systems. However, in certain subduction zones, like those along
s23 the margins of Tonga and New Hebrides trenches, there is little correlation with
s2« our models,; indicated by Vi values exceeding £1/3Vp. While we do not ex-
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s clude that other mechanisms could hold significant importance or coexist with
s the presence of an SLL (e.g., double subduction systems, arcuate arcs), yet an
s7 SLL would be expected to play a crucial role in the partitioning of surface- and
ss  deep-induced motions, as well as broader subduction dynamics, highlighting
s the importance of these geological features emerging from various geophysical
s studies.

531 Nonetheless, we also perform a small number of additional numerical exper-
s iments to explore the extent to which our approach may influence our conclu-
s sions. We tested the role of the lower mantle (supporting figure 1) and that
su  of a slab-free edge setup often used in numerical studies (figure [8). While the
s choice of parameters can be different, an SLL continues to maintain a consistent
s.  signature. Additionally, we find that a slab-free edge setup develops T /P pick
ss7 - values of 0.8, which are not estimated in a no-net reference frame. Based on the
sis  differences and similarities between M10 and our other models, our results indi-
s cate that slab-free edge models can be used to describe slab vertical motion and
s dynamics, but they may not comprehensively capture lateral flow dynamics.

sa1 Previous numerical work has provided useful insights towards the modelling
se2 of three-dimensional flow associated with the subduction of an oceanic litho-
sis - sphere into the mantle. Several studies (e.g., Conrad and Hager, 1999; Funiciello,
s let alll 2004} [Schellart et all], 2007} [Stegman et al., [2006} [Kincaid and Griffiths|
s [2003], [2004; [Kneller and Van Kekenl, [2008}; [Piromallo et all [Goes et all]
sie [2011; [Gérault et al) 2012; [Faccenda and Capitanio), 2012} [Kirdly et al. 2017)
sv have documented mantle flow patterns around a slab edge induced by trench
sis migration, slab and mantle properties contrast, rheology, temperature distri-
se9  bution around the slab, plate age and strength, lateral variations in plate and
sso  trench widths, ridge position and plate coupling at the trench zone. Yet, these
ssi studies have not explored the influence of an SLL on the partitioning of the
ss2 induced mantle flow and surface motions. For the first time, we have explored
ss3  this impact in light of the recent observations (e.g., Kawakatsu et al., |2009; Naifi
s et all [2013; Hawley et all [2016]) of a decoupling SLL beneath the base of a
sss subducting zone in a 3D fashion.

556 Our study reveals that regional SLL width and viscosity variations promote
ss7 - the development of laterally varying patterns in plate and trench motions, in-
58 duced mantle flow and slab morphology. As importantly, the presence of a non-
sso  uniform regional SLL in a free single-slab subduction model itself is significant
so in generating a substantial source of toroidal flow (figure [Jh) and aligns more
so1  closely with the average values presently estimated on Earth in a no-net refer-
s ence frame (0.2-0.6), which had proven challenging to achieve in previous gener-
ss  ations of numerical models (Tackleyl [2000; Bercovici, [2003). This regional SLL
sse  mechanism may have important consequences for global subduction dynamics,
ss  including back-arc formation and melt and volatile transport around the sub-
so  ducting slab. Furthermore, this mechanism could enhance our understanding of
ss7  lithosphere-mantle processes and our understanding of lithosphere-mantle pro-
ss  cesses and contribute valuable insights into the evolutionary dynamics of mantle
seo  circulation over geological time.
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Figure 2: Subduction style comparison (from top to bottom) the RM

(nsLL/mu=10° and Wgrp = 0), M2 (nspL/nm=10* and Wsrp = 1/2Wop)
and M4 (nsLr,/mu=10% with Wgsr, = Wop) at the steady-state stage of the
time evolution. Non-planar and planar views are shown in the left and right
columns, respectively, including a comparison of the subduction style for the
three end-members’ models. The streamline indicate flow pattern and direction
of flow, and the magnitude of the subduction velocity.
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Figure 3: Evolution of plate velocities (Vp), trench and slab tip migrations
through time, for simulation sets 1 and 2 in a, b, ¢ and d, e, f, respectively.



EarthArXiv preprint; This version posted April 17th, 2024. The copyright holder for this preprint(which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1500

-500

~1000

-1500

b.
1500 -

V5 at the surface plane

V) atthe LAB

1000

500
>0
-500

~1000

-1500

) at the surface plane

Wop=Wsi

V) at the LAB

, at the surface plane M2

V, at theLAB

1500
1000
500
>0
~500
~1000
—1500 -

2000 ~1500 ~1000 ~500 u 500 1000 1500 2000 2000 —1500 —1000 =500 u

v, at the 660km

, at the 660km

500 1000 1500 2000 —2000 —1500 —1000-500 0
X

v, at the 660km

500 1000 1500 2000

200

-200

Figure 4: Horizontal divergence fields (left to right) for the RM, M4, and M2 in
the proximity of (top to bottom) the surface (a, d, g), lithosphere-asthenosphere
boundary (b, e, h) and 660 km bottom boundary of the model (c, f, i).



EarthArXiv preprint; This version posted April 17th, 2024. The copyright holder for this preprint(which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a.

RM

M4

1500

1000 II I
500 II I
OP

>0
-500

-1000 II I

-1500 |- 1

Wop=Wsi

" ‘ I Wop=2 Ws1, i

||: i’l

watite e

watire e

weatthe 138

1500

1000

> o
-500

~1000

# g s

e atthegenken

w3t hecenken

wattheGenken

1500
1000
500
>0
-500

-1000

/i &

-1500

~2000 —1500 —1000 -500 O 500 1000 1500 2000 -2000-1500 —1000-500 O
X X

500 1000 1500 2000 —2000 —1500 —1000 -500 0
X

500 1000 1500 2000

-200

Figure 5: Radial vorticity fields (left to right) for the RM, M4, and M2 in the
proximity of (top to bottom) the surface (a, d, g), lithosphere-asthenosphere
boundary (b, e, h) and 660 km bottom boundary of the model (c, f, 1).



EarthArXiv preprint; This version posted April 17th, 2024. The copyright holder for this preprint(which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

PoI0|daI Potential of RM over time  |—+— z=surface

J_ -e- z=LAB

0.015 - = z=660km

-
< 0.010 S~
0.0059 o ——@--Lg_--8 __._"""k_"
0.000 4 .
0 2 4 6 8 10 12
00Toroidal Potential of RM over time
RM
0.0075 -
> 0.0050
0.0025
0.0000 sy —gﬂ.i——
0 2 4 6 8 10 12
C. Poloidal Potential of M4 over time
0.020 g
-
**\.\ 1] 3 /
0.015 {M4 . g
"N"\\\_"_' .
& 0.010{ & 5> il
| ele-eH e
0.00518. o o Lo~
0.000 r ;
0 2 4 6 8 10 12
Toroidal Potential of M4 over time
0.0100
0.0075 M4
> 0.0050
0.0025 -
0.0000 - -‘.‘MM—
0 2 4 6 8 10 12
€. Poloidal Potential of M2 over time
0.020 =y
M2 - n
0.015 -Fﬁt}‘T:* ™
- ) — ]

, 0010 \\m-l-mt
0005 P gg qg-0-007® % eob-0000 0
0.000 ; .

0 2 4 6 8 10 12
Toroidal Potential of M2 over time
0.0100 3
ook
0.0075 { M2 oy m 1\' L""’"‘
> 0.0050 1
g e—he— Rt
0.0025 ey’
0.0000 + :
0 2 4 6 8 10 12
Time [Myr]

Figure 6: A comparison between the time evolution of the poloidal potential, @,
and the toroidal potential, ¥, for the RM, M4, and M2 cases at three different
XY cross-sections through depth (i.e., surface, LAB, and 660 km depths in red,
green, and blue, respectively).
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Figure 7: A comparison between the time evolution of the partitioning of in-
duced mantle flow (T/P) for simulation sets 1 and 2, in a and b, respectively.
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Figure 8: In a, a comparison of T/P time evolution for the RM, M2 case, and
the slab free-edge model, M10. The time evolution of ®; and ¥ for M10 are
shown in b and c, respectively.
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Figure 9: In a, a summary of the influence of SLL-OP width ratios (W* =
Wsrr/Wop) on T/P, surface motions partitioning (Vr/Vp) and the subduction
style. A second- and first-order empirical relationships relating W* to T/P and
Vr/Vp are identified. In b, the relationship between Vp and trench velocity Vi,
as found in our 3D experiments (coloured polygons), in the 2D experiments of
Carluccio et al.| (2019) (black polygons), and in natural cases (Clennett et al.|
2020) in coloured crosses. Simulations with an SLL have a half-filled marker
style, which is full otherwise. Most of the numerical and natural data lie between
the dotted lines (Vr=mVp) having m equal to £1/3, which includes the majority
of natural subduction zones across various reference frames. The 3D models
containing an SLL lie on a straight line with a Pearson coefficient of 0.998.
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| Model parameters varied per set of simulation in this study |
| # Set || Model ID | Wop/Wioe | Wsrr/Wor | mm/nsiL | Lioe [km] | noas/nun |

RM 1 0 10° 4000 -

1 M1-M4 1 1/4,1/2,3/4,1 102 4000 -
M5-M9 1 1/4,1/2,3/4,1 10! 4000 -

M10 1/2 0 10° 4000 -

2 M11-M14 1/2 1/4,1/2,3/4,1 102 4000 -
M15-M19 1/2 1/4,1/2,3/4,1 10! 4000 -

M20 1 0 102 6000 30

3 M21 1 0 10° 6000 30

Table 1: Parameters used and varied for the experiments performed during this
study.
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T/P evolution over time-¥
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Figure 1: The comparison of the time evolution of the toroidal: poloidal ampli-
tude ratio (T/P) of subduction models with a lower mantle, M20 (ny/nsLL=10?%)
and M21 (nu/nspL= 10°) is shown in a comparison between the RM (ny/nsLL=
10%) and M2 (m/nsLL= 10?). M20 and M21 cases have the same characteris-
tics as M2 and RM, respectively, but they include a lower mantle that extends
800km depth, and an upper-lower mantle transition zone characterised by a
viscosity contrast of 30. The figure also shows a comparison of the morphology
assumed by he subducting slab at the steady state stage of the subduction evo-
lution for the four models. The figure shows that similar trends are maintained
in the evolution of T/P and slab subduction style with the inclusion of the lower
mantle.
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Figure 2: Radial vorticity field (left to right) of slab free-edge models where
the plate width is half of the modelling box width. The comparison is shown
among the M10 (UM/USLL: 100 and WSLL = ), M14 (UM/USLL: 102 with
Wsrr = Wop) and M12 (nv/nsLL=10? with Wsrr = 1/2Wop) cases. The
comparison is shown in the proximity of (top to bottom) the surface, lithosphere-
asthenosphere boundary and 660 km bottom boundary of the model. All these
models show an additional toroidal cell at the surface, which was not present in
models with a continuous slab (figure 5 in the main manuscript). In M14 the
strength of the toroidal cell is enhanced at depth by the presence of the SLL.
In M12, there is an additional toroidal cell that develops beneath the base of a
plate due to the presence of a non-uniform SLL.
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Figure 1: The comparison of the time evolution of the toroidal: poloidal ampli-
tude ratio (T/P) of subduction models with a lower mantle, M20 (ny/nsLL=10?%)
and M21 (nu/nspL= 10°) is shown in a comparison between the RM (ny/nsLL=
10%) and M2 (m/nsLL= 10?). M20 and M21 cases have the same characteris-
tics as M2 and RM, respectively, but they include a lower mantle that extends
800km depth, and an upper-lower mantle transition zone characterised by a
viscosity contrast of 30. The figure also shows a comparison of the morphology
assumed by he subducting slab at the steady state stage of the subduction evo-
lution for the four models. The figure shows that similar trends are maintained
in the evolution of T/P and slab subduction style with the inclusion of the lower
mantle.
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Figure 2: Radial vorticity field (left to right) of slab free-edge models where
the plate width is half of the modelling box width. The comparison is shown
among the M10 (UM/USLL: 100 and WSLL = ), M14 (UM/USLL: 102 with
Wsrr = Wop) and M12 (nv/nsLL=10? with Wsrr = 1/2Wop) cases. The
comparison is shown in the proximity of (top to bottom) the surface, lithosphere-
asthenosphere boundary and 660 km bottom boundary of the model. All these
models show an additional toroidal cell at the surface, which was not present in
models with a continuous slab (figure 5 in the main manuscript). In M14 the
strength of the toroidal cell is enhanced at depth by the presence of the SLL.
In M12, there is an additional toroidal cell that develops beneath the base of a
plate due to the presence of a non-uniform SLL.



