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Oceanic lithosphere worldwide is younger than ca. 200 Myr, suggesting that it must have been globally
recycled by the recurrent formation of new subduction zones since the existence of subduction on Earth.
However, postulated subduction zone initiation processes remain difficult to explain in many cases, and
the specific geodynamic conditions under which these might occur are still largely unknown. We here use
numerical models driven by the internal force balance of a subduction system to better understand the

(geo)dynamics governing (intra-oceanic) polarity-reversal subduction zone initiation. This initiation mode
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assumes that the birth of a new subduction zone could be triggered by buoyant plateau-obstruction
of a pre-existent one dipping in the opposite direction. Our work provides a new insight on the key
geodynamic conditions governing this type of subduction zone initiation and discusses their general
compliance with known natural examples.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Subduction zone initiation (SZI) is one of the main unsolved
problems in modern day plate tectonics theory (Cloetingh et al.,
1989, 1982; Crameri et al., 2020; Duarte et al., 2013a; Gurnis et
al.,, 2004; Hall, 2019; Mueller and Phillips, 1991; Stern, 2004; Stern
and Gerya, 2018; Zhong and Li, 2019). Most of the oceanic litho-
sphere worldwide is younger than ca. 200 Myr, which indicates
that new subduction zones must be formed sometime after the
opening of an ocean (cf. Wilson Cycle concept). SZI is thus manda-
tory to explain the recurrent recycling of ocean floor lithosphere
predicted by global plate tectonics as we know it (Davies, 1992).
However, it is (geo)dynamically very difficult to envisage, since its
spontaneous (buoyancy-driven) occurrence along old passive mar-
gins would require forces of very high magnitude, well above the
ones generally acknowledged to exist in nature (Cloetingh et al.,
1989; Mueller and Phillips, 1991). Furthermore, no clear examples
of Cenozoic SZI along old passive margins are known anywhere
on our planet, although some are interpreted to have been formed
during Mesozoic times (Crameri et al.,, 2020; Gurnis et al., 2004).
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Spontaneous SZI is thus generally seen as unrealistic, since the
contribution of tectonic forces is thought as inescapable for any
considered tectonic setting on Earth (Arcay et al., 2019; Auzemery
et al.,, 2020; Crameri et al., 2020). To try to solve this fundamental
question, several alternative modes of subduction zone initiation
have been previously proposed (Crameri et al., 2020; Stern, 2004;
Stern and Gerya, 2018). Here, we present a geodynamic numeri-
cal modelling study of polarity-reversal subduction zone initiation,
which seems to be one of the more common SZI mechanisms in
the past 100 Ma (Crameri et al., 2020). Our main goal is to better
understand the key combination of forces that, under the simu-
lated modelling constraints, might drive the formation of a new
opposite dipping subduction zone, and to evaluate its geodynamic
feasibility as a SZI mechanism under similar general conditions in
nature.

When a positively buoyant plateau (e.g., an oceanic ridge or a
continental fragment) arrives at a subduction trench it resists being
dragged downwards along the subduction channel, obstructing it,
and ultimately blocking the pre-existent subduction zone. Depend-
ing on the thermo-mechanical state of both plates involved, and on
the resulting changes in the stress distribution pattern caused by
this blocking, a new subduction zone might nucleate either in the
back of the obstructing plateau, dipping in the same direction as
the original one - subduction transference (Stern, 2004; Stern and
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Gerya, 2018; Tetreault and Buiter, 2012); or at its front, dipping
in the opposite direction - subduction polarity reversal (e.g., Hall,
2002; Konstantinovskaia, 2001; Mann and Taira, 2004; Zhang and
Leng, 2021). The internal SZI driving forces at play in both these
instances have an important horizontal component, rendering the
corresponding SZI modes the designation of “horizontally forced”
(Crameri et al., 2020).

Based on former (field, analogue and numerical modelling)
studies three generic conditions were found indispensable for the
formation of a new subduction zone, and acknowledged as com-
mon to all previously proposed SZI modes: i) initial bending of the
future subducting plate, leading to subsequent underthrusting be-
neath the future overriding plate (Gurnis et al., 2004; Nikolaeva
et al,, 2011, 2010); ii) efficient strain localization along a narrow
weak zone between the two plates (Gurnis et al., 2004; Lu et
al., 2015) facilitated by pre-existing mechanical weaknesses (e.g.,
transform faults, Uyeda and Ben-Avraham, 1972) and by positive
feed-back strain-weakening mechanisms (e.g., chemical weakening
or grain-size reduction, Hirauchi et al., 2016) and; iii) propagation
of this narrow weak zone across the whole thickness of the litho-
sphere to form a subduction channel (Gurnis et al., 2004).

While polarity-reversal SZI has been one of the main mecha-
nisms proposed to explain the possible origin of new subduction
zones during the Meso-Cenozoic (Buchs et al., 2010; Crameri et al.,
2020; Hall, 2002; Konstantinovskaia, 2001; Mann and Taira, 2004;
Wright and Wyld, 2011), the fundamental dynamics governing this
type of SZI remains poorly understood. Here, we present a series of
numerical modelling experiments carried out to gain new insight
on the dynamics of this process. We specifically focus on under-
standing the way through which the internal balance of driving
forces in a (pre-existent) subduction zone can be perturbed by the
arrival of a buoyant plateau to the trench, as to render polarity-
reversal SZI. Our models were conceived to exclusively account for
the internal forces at play (i.e., buoyancy vs. viscous resistance) in
the absence of any other (externally imposed) ones.

2. Methods
2.1. Numerical code and governing equations

Numerical modelling experiments were carried using the code
Underworld (Moresi et al., 2007). Underworld employs a finite el-
ement discretization coupled with a particle-in-cell approach to
solve the equations of conservation of mass, momentum, and en-
ergy (eq. (1)-(3), respectively), assuming conditions of incompress-
ibility:

V.v=0 (1)

V.o =pg (2)
3T 5

PCp( 5p +VVT) =k V2T +Hs + Hy (3)

in which v is the velocity vector, o the stress tensor, p the den-
sity, g the gravity acceleration vector, ¥ the diffusivity, T is the
temperature and Cp the specific heat. The shear heating (Hs) and
the adiabatic heating (Ha) in Equation (3) above are respectively
defined as:

Ho=) [0 ¢] (4)

1

—Tavyg

y

Hy=—— (5)
%

in which, o’ represents the deviatoric stress tensor, & is the strain

rate tensor, « the coefficient of thermal expansion and vy the ver-

tical velocity. The stress tensor is defined by:
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o=0 —PI (6)

with P as the pressure and I the identity tensor. The deviatoric
stress tensor (a,) is defined as a function of both strain rate (&)
and effective viscosity (7eff):

o = 21efs€ (7)

The strain rate tensor (&) is in turn defined as:
.1
é=[VVv+ (VW] (8)

and the effective viscosity is calculated by:

1 1
her = AR " exp(T ) (9)
with A as the pre-exponential factor, &j; the second invariant of the
strain rate tensor, n the stress exponent, E, the activation energy,
V, the activation volume and R the universal gas constant.

Plastic flow is implemented in all models assuming a Drucker-
Prager yield criterion (Drucker and Prager, 1952), according to
which a given material is set to yield plastically when stress sur-
passes a prescribed limit (yield value):

\/:h:psin (¢) + Ccos (¢) (10)

in which a;l is the second invariant of the deviatoric stress tensor,
¢ the internal friction angle and C the cohesion. When materials
reach the yield stress, they are linearly softened until ¢ and cohe-
sion reach 10% of the original value.

Plate age dependence of the thermal profiles follows the plate
cooling model:

y 21 kn?mlt nwy
T=To+(T1—To) | =+ =Y —exp - sin( )
Vio T - n N YLo

Lo
(11)

in which Tg is the temperature at the surface of the model (set
to 273 K), Ty is the temperature at the lithosphere-asthenosphere
boundary (yi,) set to 1473 K, y is the depth, and t is the age of
the plate. All material densities are also temperature dependent
according to:

p = poll — (T = To)] (12)

in which pg is the density of the material at the reference temper-
ature Tp.

2.2. Initial model setup and modelling approach

A set of 2D numerical modelling experiments was conceived
(Fig. 1A), in which all model kinematics (i.e., the movement of the
plates and the resulting flow in the sub-lithospheric mantle) are
the result of the internal balance between the slab negative buoy-
ancy driving force and the counteracting viscous resistance (e.g.,
Schellart, 2017; Stegman et al., 2010). No external forces (e.g., re-
sulting from prescribed boundary conditions) were implemented
in any of the models, which are thus fundamentally controlled by
the way this internal force balance changes with time.

The considered (overriding vs. downgoing) plate age contrast
was systematically varied, with initial overriding plate (OP) ages
ranging between 10 and 70 Myr, for 10 Myr intervals. The assumed
initial age variation for the downgoing plate (DP) was between 10
and 110 Myr, also for 10 Myr intervals (Fig. 2). A total of 77 nu-
merical simulations was thus investigated, comprising all resulting
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Fig. 1. A. Model setup for the experimental initial state (not to scale): schematic representation of the geometric configuration, model dimensions and prescribed boundary
conditions (BCs). Inset shows comparative (normal plate vs. plateau) reference densities (pp in g/cm?) initially assumed for the crust, lithospheric mantle and asthenosphere.
Note that unit shapes and corresponding pp values in A do not reflect plate ageing, nor associated cooling and implied effective lithospheric densities and thicknesses,
which ultimately determine the changing buoyancy of the lithospheric plates relatively to its underlying mantle. B. Effective buoyancy, C. Effective maximum lithospheric
thickness as a function of plate age. Effective buoyancy is expressed by the density contrast between the asthenosphere and the lithospheric mantle: A, = pam — Opiate-
Effective lithospheric thickness is given by the depth of the 1473 K (1200° C) isotherm. The depicted time-dependent evolution of both parameters is determined by the
assumed plate cooling model (Equations (11) and (12)), and D. Strength-depth profiles for plates (solid lines) and corresponding plateaus (dashed lines) with differently
assumed initial ages of 50 (in blue) and 10 Myrs (in red). Strength of the plates is given by effective viscosity (1eff). (For interpretation of the colours in the figure(s), the

reader is referred to the web version of this article.)

combinations of initial OP vs. DP ages. This variety expresses dif-
ferent initial rheological and density contrasts between the two
plates in each case, hence bearing a decisive influence on the fi-
nal geodynamic outcome that follows from plateau accretion and
collision (see Fig. 2).

The considered 2D model domain is of 5000 x 660 km, with its
maximum depth corresponding to the upper-lower mantle transi-
tion (see Fig. 1A) and was discretized using a uniform 1536 x 384
grid. A 110 km thick positively buoyant plateau was set fixed to
the subducting slab in the initial stage of all the experiments at
1100 km from the subduction trench (see inset of Fig. 1A). In the
plateau, both the crust and lithospheric mantle were initially set
as positively buoyant (with pg reference densities of 2800 and
3200 kg/m3, respectively) relative to the denser OP and DP, and
to the asthenosphere (all with pg = 3300 kg/m3 - see Table 1).
A thin (ca. 15 km) weak zone was set between the overriding
and downgoing plates, accounting for a pre-existent subduction
channel. Subduction was triggered in all models by the negative
buoyancy of the DP implied by the initial model configuration, in
which the foundering of the tip of the subducting slab was set at
a maximum depth of 160 km (see Fig. 1A).

The initial temperatures for both plates were defined in ac-
cordance with the plate cooling model (eq. (11)), in which T is

Table 1

Parameters used in the definition of the non-linear (thermal dependent)
model rheology/density configuration. The density (po) parameters rep-
resent the density at reference temperature (To, see Equation (11)).

Parameters Values Reference
Expansibility, & (K™) 3.00x107° -

Diffusivity, k¥ (m? s7!) 1.00x10°¢ -

Heat capacity, C, (J kg K1) 1.00 x 103 -

Cerust (MPa) 20 (Hui et al., 2014)
Cmantle (MPa) 30 (Hui et al., 2014)
Pg (degrees) ~14 (Gerya et al., 2008)
Tsurface (K) 273 -

Thase (K) 1473 -

P0 oceanic crust (Kg m3) 3300 -

L0 lithospheric mantle (kg m_3) 3300 -

P0 asthenosphere (K& m3) 3300 -

L0 plateau crust (kg m-3) 2800 -

0 plateau mantle (Kg m-3) 3220 -

Aplateau crust (MPa™ s7) 1.00 x 107 (Ranalli, 1997)
Aupper mantle (MPa™ s71) 5.49 x 10* (Ranalli, 1997)
Nplateau crust 2.00 (Ranalli, 1997)
Nplateau mantle 3.50 (Ranalli, 1997)
Eq plateau crust (J mol™) 1.50 x 10° (Ranalli, 1997)
Ea upper mante (J mol'™!) 5.30 x 10° (Ranalli, 1997)
V, (m? mol ™) 1.00 x 10%  (Ranalli, 1997)
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Fig. 2. Graphic grid depiction of all 77 plate age combinations considered in the carried out numerical modelling experiments. Vertical and horizontal axes represent the
initial ages prescribed to the overriding and downgoing plates, (OP and DP) respectively. The symbols at the nodes of the grid represent the (general) results: red diamonds
correspond to numerical model results that did not yield subduction polarity-reversal, and in which the initial subduction was always terminated by DP slab break-off after
the arrival of the plateau at the subduction trench; Green circles correspond to numerical modelling results that yielded polarity-reversal subduction zone initiation; Oranges
squares represent (transient, unstable) double-sided subduction, which was not investigated in detail in the present study; Dark blue triangles represent plateau subduction
events (also not investigated in detail in the present study). The shaded light-orange domain corresponds to the results in which rifting was observed to occur in one of the

plates (generally the DP).

obtained as a function of both depth and time (plate age). Us-
ing this thermal model and the assumed density dependency on
temperature (eq. (12)), the effective plate density contrast between
the plate and the underlying asthenosphere can be calculated (eq.

(13)):

plate _ _
A/Oasthenosphere = Pam — Pplate (13)

with pgm as the density of the sub-lithospheric mantle and opqe
the average density of the plate. The resulting description of plate
density contrast as a function of time (Fig. 1B) shows that any
plate becomes denser than the underlying mantle (i.e., negatively
buoyant) after only ca. 14 Myr. The effective (rheological) thick-
ness of the lithosphere (set by the 1473 K isotherm), and the way
it depends on time, are also deduced from the same plate cooling
model (eq. (11)) showing a consistent non-linear increase of plate
thickness with its age (Fig. 1C).

The trailing edges of both plates are tapered, with the basal
lithosphere isotherm bulging upwards near the left and right
model boundaries, defining a pair or mantle upwelling ridge cen-
tres (see Fig. 1A). This allows for free lateral migration of both
plates, ensuring that slab negative buoyancy force and mantle vis-
cous resistance act as the only main forces in our models (besides
only minor ridge push at the lateral boundaries). It also prevents
the otherwise strong downwelling of cooled material formed at the
edges of the model, which would artificially perturb the mantle
flow.

The model rheology of the oceanic plateau crust follows a pla-
gioclase creep law (Ranalli, 1997), while the remaining model ma-
terials follow the dry peridotite law (Ranalli, 1997). Consequently,
for younger plateaus (i.e., with higher thermal gradients), the crust
of the plateau is weaker than the surrounding oceanic plate crust
(see Fig. 1D, dotted vs solid red lines). For older plates (i.e., with
lower thermal gradients), the strength profile of the plateau and
oceanic plates is almost identical (see Fig. 1D, solid vs dotted blue
lines).

The initial subduction interface (softened weak zone in Fig. 1A)
is defined by an isoviscous rheology (with a constant low viscosity
of 1020 Pa:s) to achieve early on high strain localization in the
subduction channel. This soft material channel is subducted in the
early stages of the experiments and bears no relevant role in any
of the model results.

All assumed parameters for the different considered model ma-
terials are presented in Table 1.

2.3. Boundary conditions (BC)

The models have periodic boundary conditions along the hor-
izontal axis (eq. (14), Fig. 1A). Accordingly, material escaping
through one of the lateral (vertical) boundaries is prescribed to
re-enter the model across the other (opposite) one with the same
velocity value:

vxfa = vx+a (14)

where a is the width of the model. This allows for subduction slab
roll-back/-forward and implied trench migration, as closed lateral
boundaries hinder such motions in 2D models since no toroidal
(return) mantle flow from beneath the slab is possible in these
cases (Schellart, 2004). Horizontal free-slip BC were ascribed to
the model top boundary (eq. (15)) deterring vertical escape/motion
of material across this boundary (see discussion in Appendix A,
paragraph g). No-slip BC, defined by Equation (16), were instead
implemented along the model bottom wall. Such basal BC account
for the sharp viscosity contrast along the 660 km upper-lower
mantle transition. This approximates slab anchoring at this discon-
tinuity without accounting, however, for further subduction across
this interface.

Vy =0 (15)
Vx=Vy =0 (16)
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Thermally, the model top wall was prescribed to correspond to
the 273 K (0° C) isotherm, while the bottom boundary was set to
correspond to 1873 K (1600° C).

3. Results

The initial subduction of the DP always drives the (thicker,
buoyant) oceanic plateau to the trench, where it resists being fur-
ther dragged downwards, obstructing the subduction channel, and
ultimately bringing this initial subduction to an end (red diamonds
in Fig. 2). In most cases, this obstruction leads to slab break-off
(Fig. 3A-B, see Supplementary Video 1). This involves total tear-
ing of the subducted DP from the adjacent buoyant plateau, with
relatively little bending of the OP (Fig. 3B).

In a smaller number of cases (green circles in Fig. 2), the orig-
inal OP is significantly bent and underthrust beneath the original
DP, ultimately leading to the birth of a new subduction zone dip-
ping in the opposite direction (Fig. 3C, see Supplementary Video
5). This polarity-reversal SZI was observed only in 11 numerical
experiments (~ 14% of the cases) for a variety of different initial
age combinations between the OP and the DP (green circles in
Fig. 2 and Supplementary Videos 3-6). These initial ages influence
the buoyancy, thickness, and strength of both plates at the time
of the arrival of the plateau at the subduction trench (or plateau
docking, Fig. 4). Under our modelling setup, the dynamic condi-
tions that eventually yield polarity-reversal SZI result mostly from
the combination of younger overriding plates and older (stronger)
downgoing plates. The results also show (Fig. 4 and Supplementary
Videos) that polarity-reversal SZI requires the DP to be negatively
buoyant relatively to both the asthenosphere and the OP (see lo-
cation of green circles in Fig. 4 within the DP negative buoyancy
domain). Accordingly, polarity-reversal SZI was never observed for
OP with an age at docking greater than ca. 64 Myr or with an
effective strength higher than ca. 1023 Pa-s (Fig. 4A and 4B, re-
spectively).

Unstable double-sided subduction was observed in ~ 6% of the
results in models with initial OP ages = 10 Myr (orange squares in
Fig. 2, Supplementary Video 2). It always occurred at very early
stages in our simulations, as a transient unstable result, when
the buoyant plateau was still several hundreds of kilometres away
from the trench. It may represent a transient mode between differ-
ent, oppositely facing single-sided subduction zones as shown in
previous whole-mantle geodynamic studies (Crameri et al., 2014;
Crameri and Tackley, 2015), or it could simply correspond to a
model artefact arising from the adopted free-slip top boundary
conditions (see Appendix A, paragraph g). In any case, this double-
sided mode of subduction has never been recorded in the Earth’s
lithosphere (Gerya et al,, 2008) and its specific study it is out of
the scope of the present paper.

4. Discussion
4.1. General conditions favouring polarity-reversal SZI

The obtained model results show that triggering of polarity-
reversal SZI at the time of plateau docking is favoured by older
(thicker and more negatively buoyant) DPs relatively to the cor-
responding OPs (green circles in Fig. 4A). The resulting rheologi-
cal plate configuration must also comply with the following main
(geodynamic) conditions (Figs. 3-5):

1) The crust of the OP must be weak enough to be bent up-
wards and locally underthrusted (beneath the DP), with in-
tense strain localization along the resulting main antithetic
shear zone enabling the formation of a new proto-subduction
channel (Fig. 3-C1, 4B, and 5A). This is generally attained even
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when slab break-off rather than polarity-reversal SZI occurs
(see Fig. 3B and Supplementary Videos). In most cases the DP
detaches from the buoyant plateau, and the resulting gap is ei-
ther to be closed again, as the OP collides against the plateau
during the prevailing slab break-off outcome (Fig. 3-B1), or to
remain open resulting in the new opposite dipping subduction
channel in the less common situation of polarity-reversal SZI
(Fig. 3-C1).

2) The OP must also be thin and weak enough to be able to
bend downwards, promoting the collapse of the original sub-
duction channel, its closure, and the definite coupling with the
DP (Fig. 3-C2, 4B and 5B). Results indicate that OPs with a
docking age greater than ~ 64 Myr render plates too strong
and thick to be able to accommodate the required plate bend-
ing, regardless of how negatively buoyant they might be (see
Fig. 4). In fact, plateau subduction (blue triangles in Fig. 2 and
4, see also Supplementary Video 7) occurs in models with
older (stronger) OPs, which suggests that under these con-
ditions even the sinking of the positively buoyant plateau is
more prone to occur than the bending and underthrusting of
the (thick and strong) overriding plate.

3) The coupled (welded) OP and DP must yield a slab-pull strong
enough to bend down the OP with a small enough bend-
ing radius so that the newly formed subduction channel is
not closed, ultimately leading to the development of a new
subduction zone with an opposite polarity (see Fig. 3-C3 and
Supplementary Videos). The welding between the two plates,
controlled by the rheology of the DP crust (the interface be-
tween the plates), thus seems to be the critical factor for the
occurrence of polarity-reversal SZI.

More detailed manifestations of these main geodynamic con-
straints are illustrated by the interpretation of the obtained
polarity-reversal outcomes as follows.

4.2. Initial subduction channel collapse and plate welding

Polarity-reversal subduction zone initiation was observed in ex-
periments with different initial DP ages, but only for cases in
which the DP was consistently older than the OP (see Fig. 2). In
these situations, different original subduction dip angles and bend-
ing radii were observed, depending on the strength and thickness
of the DP implied by its assumed initial age (Irvine and Schel-
lart, 2012). Accordingly, younger (weaker and thinner) DPs yielded
steeper subductions zones with a tighter bending radius (Fig. 6A),
while older (stronger and thicker) DPs are more difficult to bend,
forming gentler dipping subduction zones with a wider bending
radius (Fig. 6B). For all polarity-reversal outcomes, compression be-
tween the two plates (and implied increase in friction along the
subduction channel) led to initial folding of the OP against the
stronger DP (Fig. 6-A1 and B1). The amplification of this folding at
the time of plateau docking produced a downwards clockwise rota-
tion of the tip of the OP, causing the initial subduction channel to
collapse (Fig. 6-A2 and B2 and respective insets). Simultaneously,
the OP progressively cut through the weaker plateau, eventually
rupturing the DP to nucleate a new subduction channel. With the
definite shutdown of the initial subduction zone the OP and the
DP became welded. This increased the (buoyancy-driven) sink of
both plates in the ambient mantle (higher slab-pull), facilitating
the tight bending of the OP and the continued propagation of the
newly formed subduction channel (Fig. 6-A2, B2 and B3). Polarity-
reversal SZI was only observed for the cases in which this OP-DP
welding was observed, showing its crucial importance for the trig-
gering of this mode of subduction zone initiation.

Our results show that the initial folding of an OP against a
stronger DP, the associated occurrence of antithetic thrust-shearing
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Fig. 3. Numerical model results: comparison between model evolution leading to slab break-off vs. polarity-reversal subduction zone initiation (geometry, viscosity, and
velocity outputs are shown for each stage). A. Initial steady-state subduction between the arrival of the DP at the 660 km interface and the arrival of the buoyant plateau
at the trench. A1-A2: The OP is slightly bent downwards, and DP starts to break apart from the adjacent buoyant plateau. Due to the initial OP downwards bending weak
upper-crustal materials and cover sediments are accumulated and deformed (shortened and thickened) in a tectonically subsiding basin located in the arc-forearc region. B.
Slab break-off outcome (observed in ~ 71% of the experimental results). B1-B2: OP is not bent any further and collides with the plateau closing a potential new subduction
channel; the original subduction channel is maintained open and propagates the rupture of the DP; slab break-off is complete with total separation of the DP that sinks into
the ambient mantle. C. Polarity-reversal SZI outcome (observed in ~ 14% of the experimental results). C1: Continued downwards bending of the OP and crustal antithetic
thrusting above this plate; initial collapse of the original subduction channel and simultaneous opening of a new proto-subduction channel. C2: Further bending of the OP;
full closure of the old subduction channel and OP-DP welding; continued development of the new subduction channel dipping in the opposite direction. C3: Completion of
polarity-reversal SZI; subduction of the (original) OP is driven by negative-buoyancy foundering of both the OP and the DP in the ambient mantle. OP - Overriding pate; DP
- Downgoing plate; Thin black arrows - velocity field; Contour dashed black lines - lithosphere/asthenosphere thermal boundary (LAB, marked by the 1473 K isotherm).
Experiments SB1 and SZI3 are also fully depicted in Supplementary Videos 1 and 5, respectively.
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subdomain. The yellow rectangle shows the plate age range for the occurrence of polarity-reversal SZI in the Solomon-Vanuatu natural example. B: Depiction of the same
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general numerical modelling outcomes as a function of OP and DP effective strength (7¢fr) at the time of plateau docking.

above the OP (nucleation of a proto-subduction channel) and the
rupture of the DP from the adjacent plateau, are all quite com-
mon for different OP-DP age combinations (even during the fre-
quent outcome of slab break-off). But it is only when OP-DP weld-
ing occurs that the shallower shear zone representing the proto-
subduction channel can propagate downwards, rupturing across
the whole lithosphere and maturing into a new opposite dip-
ping subduction zone. Thus, our numerical results suggest that
polarity-reversal SZI triggering is prone to occur under the ideal
combination of thermo-mechanical conditions, expressed by older
(stronger) DPs and relatively younger (weaker) OPs, that specifi-
cally favour this OP-DP coupling and welding.

4.3. Compliance with natural examples

The objective of the present generic numerical modelling was
not to study any specific natural case, but rather to gain new in-
sight on the main underlying dynamics governing the occurrence
of polarity-reversal SZI for the assumed modelling conditions. This
SZI mode has been previously proposed to explain the evolution
of different natural tectonic settings (e.g., Kerr et al., 2005; Kon-
stantinovskaia, 2001). In some of these cases, trench-obstruction
is thought to have been caused by plateaus of different geolog-
ical origin, e.g. oceanic ridges or seamounts, submarine volcanic
structures and continental fragments (Tetreault and Buiter, 2012),
or even by a continental margin attached to the downgoing plate
during intra-oceanic subduction (Konstantinovskaia, 2001). In the
emblematic example of the Solomon-Vanuatu subduction system
polarity-reversal SZI is thought to have occurred during the late
Miocene (Fig. 7A), triggered by the arrival of the Ontong-Java
Plateau at the North Solomon-Vitiaz subduction zone (Mann and
Taira, 2004). In this tectonic setting, the age inferred for the (over-
riding) Australian oceanic plate lies between 49 and 25 Ma, based
on plate tectonic reconstructions (Hall, 2002) and recent regional
studies (Mortimer et al., 2014). The age of the polarity-reversal
SZI in this subduction system has been proposed to fall between
15 and 5 Ma (Hall, 2002; Schellart et al., 2006). This renders a

maximum age interval for the Australian OP at the time of the
Ontong-Java plateau docking approximately between 44 and 34
Ma, and a minimum, between 20 and 10 Ma. On the other hand,
based on the ~ 150 to 120 Ma age interval deduced for the down-
going Pacific plate (Nikolaeva and Gerya, 2009), its maximum age
at docking is calculated between 145 and 135 Ma, whereas its cor-
responding minimum age would fall between 115 and 105 Ma. De-
spite some degree of uncertainty expressed by these age intervals,
the available evidence conforms well with the general OP-DP plate
age combinations that rendered polarity-reversal SZI in our models
(i.e., older and stronger DPs paired with younger and weaker OPs).
SZ17 experiment illustrates the polarity-reversal possibility for the
Solomon-Vanuatu case under the contrasting thermo-mechanical
conditions resulting from such plate age combinations (Fig. 7B).
In this experiment polarity-reversal SZI is achieved for a relatively
younger OP (~ 41 Myr, Fig. 7-B1) fitting the maximum age inter-
val (44 to 34 Ma) for the Australian OP in the natural example.
Likewise, a much older DP of ~ 111 Myr in this same experiment
also agrees with the minimum age interval (115 to 105 Ma) esti-
mated for the Pacific DP in the natural case (see yellow rectangle
in Fig. 4A representing the range of the OP-DP age intervals for the
Solomon-Vanuatu example).

4.4. Constraints of present modelling approach

Our models provide new insight on the process of polarity-
reversal SZI resulting from the perturbation of the internal driving-
force balance on a pre-existent subduction zone. Our restrict
premise is thus to consider the internal dynamics of the system
(and its thermo-mechanical configuration arising from the con-
trasting age of the plates involved) as the main governing cause for
polarity-reversal triggering. Given this assumption, the adopted 2D
modelling simplification of subduction zones could be problematic,
since these natural objects are three-dimensional and governed by
a dynamics that critically comprises an (inherently 3D) toroidal
component of mantle flow (Schellart, 2004; Schellart et al., 2007).
Periodic boundary conditions were prescribed to the lateral vertical
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Fig. 5. Model results: polarity-reversal subduction zone initiation (experiment SZI2). Strain rate output illustrating the development of a new opposite dipping subduction
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walls of our models to avoid mantle flow stagnation beneath the taining to upper mantle rheology (e.g., Jain and Korenaga, 2020;
DP slab during roll-back subduction (see section 2.3 above). How- King, 2016, and references therein) that allows for a somewhat
ever, other dynamic effects of mantle toroidal flow on overall plate aprioristic choice of parameters, relatively to which the obtained
kinematics and deformation were not accounted for in the present results are expected to be sensitive. This means that a slightly
models, which could result in a significant underestimation of the different choice of mantle rheology parameters (in Equation (9)
conditions favouring polarity-reversal SZI. above) corresponding, for instance, to an increase in mantle stiff-
The absence of elasticity in our simulations, while widely ness, could potentially increase the viscous resistance to slab-pull,
adopted in many other modelling studies (Capitanio and Morra, thus modifying the underlying governing dynamics of the system
2012; Gerya and Meilick, 2011; Schellart, 2017; Stegman et al., and implying considerably different results.
2010), is also potentially relevant for our results since it is arguably Another model limitation with potential important dynamic
expected to influence the dynamics of plate bending in subduction consequences for subduction systems, and thus, capable of mod-
systems (e.g., Capitanio and Morra, 2012; Farrington et al., 2014; ifying the polarity-reversal stability field of Fig. 2, is the assumed
Thielmann and Kaus, 2012). Also important is the uncertainty per- absence of a mature volcanic arc in the OP above the subduct-
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ing slab. Whilst this is a widely assumed standard simplification in of double-sided subduction in nature (thus increasing the relative
frequency of polarity-reversal outcomes).

The sensitiveness of polarity-reversal SZI to the resolution
adopted for the numerical modelling experiments is also of critical
bilizing effect on the OP, contributing to prevent the occurrence importance. Robustness of results was only achieved for medium

many subduction zone models (e.g., Gerya et al., 2008; Gurnis et

al., 2004; Lu et al., 2015), natural volcanic arcs could exert a sta-
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Fig. 7. Example of a natural case in which an oceanic plateau arrives at an active subduction zone and, due to the favourable interplay between resisting and driving forces,
led to the development of a new subduction zone by polarity-reversal. A: Map depiction of middle-late Miocene tectonic evolution of the Solomon-Vanuatu subduction
systems, in which the blocking of the North Solomon-Vitiaz subduction trench by the Ontong-Java plateau is interpreted to have triggered polarity-reversal subduction zone
initiation, forming the opposite dipping Vanuatu subducting zone (adapted from Mann and Taira, 2004). The initial south dipping North Solomon-Vitiaz subduction zone
comprised a much older (stronger and thicker) downgoing Pacific plate (~ 115 to 105 Ma) and a relatively much younger (weaker and thinner) overriding Australian plate
(~ 44 to 34 Ma). A1: In middle Miocene (12 Ma) the Ontong-Java plateau was already blocking the southwards dipping North Solomon-Vitiaz subduction zone, triggering the
polarity-reversal SZI; A2-A3: In late Miocene (from ~ 10 to 6 Ma) the new opposite dipping Vanuatu subduction zone is further developed. B: Model step evolution obtained
for SZI3 (polarity-reversal) experiment, in which the OP, DP docking ages fit the ones of the natural example in A. The subduction polarity-reversal is dynamically driven by
the older and much more negatively buoyant DP (age at docking is ~ 112 Ma), against which the much younger, thinner, and deformable OP (age at docking is ~ 42 Ma) is
readily folded. OJP - Ontong-Java Plateau; OP - Overriding plate; DP - Downgoing plate; SZ - Subduction zone; dashed black line - Lithosphere-asthenosphere boundary.
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to ultra-high resolution tests (see details in Appendix A - Resolu-
tion dependency), but important differences arise from considering
the carried out numerical experiments at either low or medium
resolutions. Since polarity-reversal SZI is crucially dependent on
OP-DP coupling, the resolution at which the subduction channel
is considered influences the results in each case. Accordingly, low
resolutions imply a less efficient localization of strain and a con-
sequent increase in friction along the subduction channel, which
favour both early double-sided subduction and polarity-reversal
SZI. Conversely, from medium to ultra-high resolutions, the sub-
duction channel becomes much better defined (resolved) rendering
strain localization much more effective and decreasing the relative
number of polarity-reversal outcomes.

A more exhaustive discussion of these and other (technical)
modelling constraints is provided in Appendix A.

5. Conclusions

Our results show how polarity-reversal SZI might be possible to
occur under geodynamic conditions similar to the ones considered
in our models. These models illustrate how a new opposite dipping
subduction zone can form, due to buoyant plateau obstruction of
a pre-existent one, in the absence of any far field (external) forces.
The experiments depict how certain overriding-downgoing plate
age combinations, representing specific thermo-mechanical (rheo-
logical) plate configurations, can disturb the inner dynamic balance
between (buoyancy driven) slab-pull forces and viscous resistance
as to produce polarity-reversal SZI.

The results show that, for the assumed modelling constraints,
the scenarios (i.e., plate rheological configurations) which favour
polarity-reversal SZI always combine older (stronger and thicker)
DPs and relatively younger (weaker and thinner) OPs. This gen-
eral plate age combination allows for the development of a new
subduction channel (while closing the pre-existent one), and for
the efficient buoyancy-driven foundering (subduction) of the for-
mer OP in the ambient mantle.

Our experiments also show that rheological coupling, or plate
welding, between the DP and the OP is key to achieve polarity-
reversal SZI for the modelled conditions. This subduction zone
initiation mode is thus greatly controlled by the evolving rheolog-
ical conditions in the subduction channel. Accordingly, our results
show that for polarity-reversal SZI to be triggered at the time of
plateau docking, a simultaneous decrease in strain localization and
increase in friction must occur along the subduction channel, as
to eventually cause this channel to collapse and the plates to be
welded.

By illustrating the feasibility of polarity-reversal SZI for the re-
stricted conditions implied by our model assumptions, our results
suggest that this SZI model might play a more important role than
previously anticipated in the cyclic renewal of ocean floors, corre-
sponding to an important process of subduction zone initiation in
nature.
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Appendix A. Model limitations

Modelling techniques intrinsically assume some degree of sim-
plification relatively to the natural process they target (see Zelst
et al., 2021 for a discussion). These necessary simplifications imply
the sacrifice of details which should not be relevant for the evalu-
ation of the core problems under investigation, and that should be
made clear for all. We thus provide the following list of the main
model limitations assumed in the present numerical study.

a) 2D modelling approach

Subduction is an intrinsically 3D process in nature since the
DP slab width is of key importance for the overall subduction
dynamics (Dvorkin et al., 1993; Schellart, 2004; Schellart et al.,
2007). A relatively narrow slab allows for mantle material to es-
cape from beneath the DP around its lateral edges, favouring (roll-
back) slab retreat and significant toroidal flow in the ambient man-
tle, whereas wide slabs promote mantle flow stagnation under the
same subducting DP. Mantle toroidal flow is also responsible for
nucleating extension within the OP at a distance of ~ 250 to 400
km from the subduction trench (Duarte et al., 2013b).

The 3D mantle toroidal flow was not accounted for in our 2D
models. However, to allow for DP slab-retreat in 2D we adopted
periodic boundary conditions for the limiting vertical walls in our
models (see Fig. 1A) making it possible for mantle material to es-
cape from beneath the DP by exiting through these boundaries.
This avoided the formation of an artificial upper mantle stagnation
zone beneath the subducting slab (Schellart et al.,, 2007), which
would adulterate the dynamics of the sinking DP. Additionally, the
overall dimensions of the model were always prescribed to be
larger than the generated mantle flow cells.

The toroidal flow-related extension within the OP is predicted
to nucleate at a distance from the trench (~ 200 km) similar to
the one at which the main hinge of the OP downwards bending is
located in our polarity-reversal SZI experiments. This suggests that
the influence of the 3D mantle toroidal flow in the overlying OP
would tend to facilitate polarity-reversal SZI, and thus, that our 2D
results might correspond to an underestimation of its occurrence
in nature.

b) Absence of a volcanic arc

As in many previous studies (Gerya et al., 2008; Gurnis et al.,
2004; Lu et al, 2015), the absence of a volcanic arc has been
adopted as a simplification in our numerical models. To our knowl-
edge, no previous numerical modelling approach has systematically
investigated the role of volcanic arcs in the overall dynamic control
of subduction zones. However, the ubiquitous presence of arcs in
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all active intra-oceanic subduction zones suggests they might con-
tribute, not only to thermo-mechanically stabilize the tip of the
OP by adding to its positive buoyancy, but also to act as an effec-
tive mechanism for reducing the strength of this plate (Gerya and
Meilick, 2011). As such, the presence of an arc in the OP could
widen the domain of conditions under which polarity-reversal SZI
could occur, contributing to a reduction in the number of unstable
double-sided subduction results (see Fig. 2). On the other hand,
the presence of a positive buoyant arc could also impede polarity-
reversal SZI by holding the leading edge of the overriding plate at
the surface. However, in such a situation, it is also possible that
the crustal flake-like imbrication observed in our models (Fig. 5A)
could be responsible for scraping off the buoyant volcanic arc atop
one of the main antithetic thrusts propagating further into the OP
(undercutting the buoyant arc crust). This would lead to accretion
of the arc to the DP, separating it from the negatively buoyant OP,
and thereby allowing polarity-reversal SZI to happen.

c) Absence of elastic behaviour

In our numerical study the elasticity of lithospheric plates was
not accounted for. As in several other previous contributions (e.g.,
Capitanio and Morra, 2012; Gerya and Meilick, 2011; Schellart,
2017; Stegman et al., 2010), the rheological behaviour of the litho-
sphere and upper mantle was here prescribed to follow strictly
visco-plastic laws. The role of elastic behaviour in facilitating or
hindering the bending of the DP slab in subduction systems has
been discussed by Farrington et al. (2014), who considered that
subduction slab geometry, subduction angle, and the amount of
slab draping (above the 660 km basal discontinuity) were mostly
unaffected by elasticity. Instead, the subduction regime is thought
as mostly dependent on the relative viscosity/density contrasts
between the lithosphere and upper mantle (e.g., Capitanio and
Morra, 2012). Additionally, the role of elasticity in the formation of
lithospheric-scale weaknesses (i.e.,, new subduction channels) was
explored in Thielmann and Kaus (2012). They showed that the in-
clusion of elastic behaviour, as opposed to pure visco-plastic laws,
delayed the formation of lithospheric-scale weak zones, which
however, once formed, would be more efficiently localized.

We acknowledge that the potential effects of direct or induced
elasticity (i.e., plate stiffness) in the bending of the OP during
polarity-reversal SZI remain largely unknown. We anticipate that
these effects are probably complex and non-linear, as illustrated by
the fact that a less pronounced plate bending may often translate
into a lower energy dissipation involved in the subduction process
(Irvine and Schellart, 2012). Also, initial OP bending, while poten-
tially affected by the elastic properties of the oceanic crust, might
lead to elastic stress weakening at the bending hinge (Farrington et
al., 2014), causing a decrease in the plate bending radius. Finally,
elastic behaviour is likely to help localizing the new subduction
channel (Thielmann and Kaus, 2012) during plateau collision. As
such, we acknowledge that further future modelling is required to
precisely clarify the role of elasticity in polarity reversal SZI pro-
cesses.

d) Simplified oceanic plateau

Our oceanic plateau was simplified as corresponding always to
an overthickened segment of oceanic lithosphere, and never to
a continental block. This implies that our oceanic plateau has a
thermo-rheological profile identical to the one of an oceanic plate,
i.e.,, with a simple (single) transition between a brittle lithosphere
and a ductile upper (asthenospheric) mantle. By contrast, continen-
tal lithosphere typically shows a more complex rheological struc-
ture, comprising a brittle-ductile upper to lower crust transition,
and a similar mantle lithosphere to asthenosphere transition (e.g.
Kohlstedt et al., 1995). In the latter case, the existence of a duc-
tile intermediate layer (between the brittle upper crust and the
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upper lithospheric mantle) allows for the formation of a decolle-
ment between the continental crust and the mantle (e.g., Koptev et
al,, 2019). As such, during plateau docking, the crustal portion of
a continental plateau could be antithetically thrusted and accreted
on top of the overriding plate, while its corresponding mantle por-
tion would continue to subduct. This would thus favour the for-
mation of a wedge-like structure (flake imbrication) like the one
observed in our models (see Fig. 5A), which according to our re-
sults precludes polarity-reversal SZI if OP-DP plate welding is also
achieved.

e) Upper mantle rheology uncertainty

At present, the rheology of the upper mantle is not entirely
understood, and the corresponding constraints assumed in most
numerical modelling approaches are essentially based on experi-
mental mechanical studies of peridotites and olivines (e.g., Escartin
et al., 2001; Hui et al.,, 2014). This uncertainty is relevant for our
model results, since slight variations within the range of admissi-
ble parameters for the rheology of mantle could lead to markedly
different outcomes. A stronger upper mantle rheology could con-
tribute to a more efficient localization of the deformation making
it more difficult for plate welding to occur. At the same time, it
would also imply a higher viscous resistance to the slab-pull forces,
significantly modifying the overall dynamics of the subduction sys-
tem. Therefore, a slightly different upper mantle rheology could
very well change the polarity-reversal stability field suggested by
the present modelling results.

f) Resolution dependency

Model resolution can have an impact on the obtained numerical
results, since the dynamics governing the target (tectonic system)
under scrutiny is not necessarily scale independent. This means
that for an overall similar geometry, e.g., a same subduction chan-
nel, the detailed rheological configuration and associated stress
distribution across the channel might be sensitive to the resolved
thickness of the corresponding shear zone in different cases. Dif-
ferent resolutions might thus imply different dynamic conditions,
and therefore, different geometrical/kinematical model results (Ar-
cay, 2017; Kaus, 2009; Sandiford and Moresi, 2019; Schellart and
Moresi, 2013).

To gain some insight on the general resolution sensitivity of
our models, we ran an initial set of 63 experiments (Supplemen-
tary Figure 1) using two main different resolutions: 768 x 192
(medium resolution - MR) and 1536 x 384 (high resolution - HR).
The results showed that the unstable double-sided subduction is
much less frequent at higher resolutions (changing from 37% at
MR to 8% at HR, see Supplementary Figure 1). HR results also
showed that polarity-reversal SZI does not occur for conditions
characterized by younger DP ages, shifting the stability field for
this outcome towards conditions preferably characterized by older
DPs and relatively younger OPs. This suggests that the OP-DP cou-
pling (i.e., plate welding) in polarity-reversal outcomes involving
younger plates corresponds to an artificial effect, determined by
the less efficient strain localization implied by the low resolution.
Accordingly, a poorer definition of rheology (and a less detailed
stress distribution configuration) in the subduction channel artifi-
cially favours the coupling between both plates and the consequent
frequency of both polarity-reversal SZI and double-sided subduc-
tion. Conversely, in HR trials the subduction channel would be suf-
ficiently resolved (sharpened and defined) to allow for an efficient
strain localization, and to favour a more “realistic”, dynamically
driven, polarity-reversal outcome.

Further resolution tests of polarity-reversal SZI were carried out
to evaluate the robustness of the polarity-reversal outcome un-
der the thermo-mechanical conditions implied by a combination of
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older DPs and younger OPs. This was done by running models at
four different resolutions comprising an OP of 20 Myrs, paired with
a DP of 90 Myrs (black square in Supplementary Figure 1). Thus,
besides the MR and HR trials, two other resolutions were addi-
tionally considered in this case: a lower most one of 384 x 96 (low
resolution - LR), and a higher one of 2304 x 576 (ultra-high - UHR).
The obtained test results show general coherent polarity-reversal
SZI for almost all the tested resolutions, except in the LR case, in
which efficient strain localization is not attained along the sub-
duction channel, triggering early double-sided subduction instead
(Supplementary Video 8). In the UHR case the accomplishment of
polarity-reversal SZI takes more than double the time observed for
the other models (MR and HR cases, Supplementary Video 8). This
is probably due to a much widespread dissipation of the same ini-
tial energy, implied by the much higher resolution in this case,
which ultimately also expresses a change in the overall dynamics
of the model.

It is clear from these tests that changing the resolution signif-
icantly changes the dynamics of the modelled subduction zone.
Although in the present case some degree of resolution robustness
was achieved for relevant OP-DP initial age conditions, resolution
dependence potentially constitutes an important limitation in the
numerical modelling of subduction polarity reversal, introducing
additional non-linearity to models and changing the underlying
governing dynamics for different considered resolutions.

g) Lack of a free surface

The use of free-slip top boundary conditions in subduction
models was previously reported as favouring double-sided subduc-
tion outcomes (e.g., Crameri et al., 2012; Schmeling et al., 2008).
While most of our results obtained for free slip top BCs show the
development of single-sided asymmetric subduction zones, a small
percentage does lead to the formation of double-sided subduction
zones (five out of 77 models, ca. 6%, Fig. 2).

Since double-sided subduction zones have never been found in
nature (Gerya et al.,, 2008), we have interpreted their occurrence
in the present study as mostly corresponding to model artefacts.
Our results show that these unnatural subduction outcomes are
scarce, occurring only for the weakest/youngest overriding plates
(10 My, see Fig. 2), which are unable to resist the stresses imposed
by the sinking and trench-retreat of the subducting slab from early
stages of the experiments. As reported by the authors cited above,
this propensity to bend downwards and subduct would be further
facilitated by the here adopted top free-slip BCs (instead of free
surface).

Moreover, the combination of young overriding plates and old
downgoing ones also closely corresponds to the unravelled stabil-
ity field for the occurrence of polarity-reversal SZI (Fig. 2). As such,
the implementation of top free surface BCs in our models (instead
of the adopted free slip) could result in the reduction, or even the
elimination, of the double-sided subduction outcome yielding, for
the same conditions, polarity reversal SZI instead. Accordingly, free
surface BCs would make it more difficult for the young overrid-
ing plates to be bent downwards and to subduct, lessening the
frequency of the double-sided subduction outcome. This concurs
with the possible underestimation of polarity reversal results in
our models relatively to nature, which could also result from other
causes (as discussed in paragraphs a and b above).

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2021.117195.
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