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The Impact of Double Subduction on Plate Velocity and
Euler Pole Shifts: Insights From Spherical Subduction
Models
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Abstract Same-dip double subduction (SDDS), in which two parallel slabs dip in the same direction, has
been linked to accelerated plate motion in both modern and ancient convergent systems, such as the Late
Cretaceous Africa—Eurasia system. Yet a systematic framework for quantifying how SDDS alters plate
kinematics in a large-scale spherical geometry is lacking. Here, we use 3-D spherical geodynamic models to
investigate plate velocity changes and corresponding Euler pole shifts caused by the insertion of a second (rear)
subduction zone. Across a wide range of rheological and geometric parameters, SDDS consistently increases the
velocity of the subducting plate, especially behind the rear trench, redirects subducting-plate motion toward the
rear slab, and produces pronounced Euler pole shifts of up to 33° (~3,600 km). We complement the numerical
models with a torque-balance analysis, which shows that these dramatic plate velocity changes arise from two
primary effects: (a) additional slab pull exerted by the added slab and (b) a reduction in the effective subducting-
plate area contributing to basal-drag resistance. This plate-area reduction is the dominant contributor to Euler
pole displacement, with enhanced slab pull providing a secondary but reinforcing effect. We characterize the
impact of an extensive set of model parameters: plate and mantle rheology primarily modify velocity
magnitudes, while geometric factors that modify plate and trench geometry govern the relative velocity
differences (e.g., Euler pole shifts) between the single- and double-subduction geometries. Our spherical
subduction modeling provides a generalized geodynamic framework for interpreting plate-motion
reorganizations associated with intra-oceanic subduction initiation and termination.

Plain Language Summary Earth's tectonic plates move as their cold, dense edges sink into Earth's
interior at subduction zones, providing a “pull” that drags plates across the surface. In some regions, two parallel
subduction zones sink in the same direction, creating a “same-dip double subduction” system. Such systems
have been linked to times in Earth's history when plates moved at particularly high speeds, for example, during
the convergence of Africa and Eurasia. However, we do not yet fully understand how, and to what extent, a
second subduction zone influences the speed and direction of plate motion. We used 3-D spherical computer
models of Earth's mantle to investigate how plate velocities change when a second rear subduction zone is
inserted. We find that double subduction consistently speeds up plates and changes their direction of motion.
Our analysis shows that these changes are driven by two factors: (a) the added rear slab exerts slab pull directly
on the plate segment behind the rear trench and (b) the added subduction zone reduces the portion of the
subducting plate that resists motion, making the plate easier to move. These modeling results show that the
formation of new subduction zones can drive major, large-scale changes in tectonic plate motion.

1. Introduction

Subduction plays a central role in the evolution of the solid Earth, and many subduction systems involve
interacting slabs whose coupled dynamics influence magmatism, deformation, and mantle flow (e.g., Forsyth &
Uyeda, 1975; Stern, 2002). Double subduction zones, where two nearby slabs coexist and interact, are widespread
on Earth, including in the Mediterranean (e.g., Kirdly et al., 2018; Vignaroli et al., 2008), Taiwan (e.g., Lallemand
et al., 2001; Lin & Kuo, 2016), the Molucca Sea (e.g., Di Leo et al., 2014; Q. Zhang et al., 2017), the Caribbean
Sea (e.g., van Benthem et al., 2013; K. Zhang et al., 2024), and on either side of the Philippine Sea Plate
(e.g., Faccenna et al., 2018; Hall, 2002). Geological reconstructions further indicate that double subduction
systems were also common in the past, including in the Neo-Tethys, which upon closure led to the Africa-Eurasia
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(Gtirer et al., 2022; Stampfli & Borel, 2002) and India—Eurasia collisions (Besse & Courtillot, 1988; Jagoutz
et al., 2015), as well as in the North Pacific (Domeier et al., 2017; Hu et al., 2022; Konstantinovskaia, 2001).

Double subduction zones can be classified by the relative geometry of the two slabs: inward-dipping (toward each
other), outward-dipping (away from each other), opposite-dipping (passing in opposite directions), and same-dip
(subducting in parallel). Among these, same-dip double subduction (SDDS) zones appear to be uniquely asso-
ciated with anomalously high plate velocities and large-scale plate kinematic reorganizations. For example,
SDDS and the associated onset of plate velocity changes are well documented within the Neo-Tethyan system. In
the central part of the Neo-Tethyan SDDS system, the convergence of the Indian and Eurasian continents reached
anomalously high speeds of >14 cm/yr prior to the 50-40 Ma collision (Besse & Courtillot, 1988; Cande &
Stegman, 2011). In the western Neo-Tethys, the African plate accelerated from ~2-3 to ~4.5-8 cm/yr, between
108 and 92 Ma, with significant rotation of plate motion direction (Giirer et al., 2022; van Hinsbergen et al., 2020)
following the onset of SDDS. Conversely, the termination of an intra-oceanic subduction zone, and hence the
transition from SDDS to a single subduction zone, can also impact plate velocities. For example, in the Northwest
Pacific, the ~50 Ma cessation of subduction at the intra-oceanic Kronotsky subduction zone aligns with a major
change in plate motion direction (Domeier et al., 2017; Hu et al., 2022; Konstantinovskaia, 2001; Vaes
et al., 2019).

Previous numerical modeling studies of SDDS have investigated the influence of an additional subduction zone
on plate velocities. Both 2-D and 3-D numerical models demonstrate that SDDS enhances plate velocities relative
to equivalent single subduction models, because a portion of the slab pull force from the frontal slab is transmitted
to the rear subducting plate (e.g., Holt et al., 2017; Jagoutz et al., 2015; Pusok & Stegman, 2019). However, most
existing numerical models do not account for a potentially finite lateral extent of the intra-plate trench, in which
the rear trench occupies only part of the entire subducting-plate width. This geometry is critical for understanding
plate-velocity changes induced by a transition from single to double subduction, as the previous analogue ex-
periments show that along-strike asymmetry in subduction can generate non-uniform velocities and produce plate
rotation (Wang et al., 2024). In natural systems, intra-oceanic trenches commonly display significant geometric
complexity and have limited lateral extents, which can result in non-uniform along-strike plate velocities
(e.g., Giirer et al., 2022). Such plate velocity variations lead to plate rotations, and hence changes in the locations
of the Euler poles that describe plate motion on a sphere. These changes cannot be captured within either 2-D
(e.g., Faccenna et al., 2018; Mishin et al., 2008) or 3-D models that set trench widths equal to the entire sub-
ducting plate (e.g., Holt et al., 2017; Pusok & Stegman, 2019). Therefore, 3-D models incorporating finite intra-
plate trench extents are needed to rigorously quantify how the addition of a second same-dip intra-oceanic
subduction zone affects plate velocities.

Global kinematic models provide a framework for reconstructing plate motions through time by deriving self-
consistent plate motions based on Euler pole rotations on a sphere (e.g., Seton et al., 2012). However, these
reconstructions are limited by the fragmented geological record of oceanic domains and often simplify regions of
high geometric complexity, such as double subduction zones, where the physical drivers of motion changes
remain poorly understood. This highlights the need for geodynamic models that can quantify plate motion
changes through Euler pole shifts, including those associated with double subduction (e.g., DeMets et al., 2010;
Giirer et al., 2022; van Hinsbergen et al., 2020), and provide a physical basis for interpreting plate tectonic re-
constructions. Moreover, in some of the most striking cases of SDDS, such as the Cretaceous Neo-Tethys and
present-day Philippine—Pacific systems, the rear subducting plate is large, with dimensions greater than 5,000 km.
For such large plates, with widths greater than ~2,400 km, Earth's sphericity exerts a significant influence on plate
velocities (Chaillat et al., 2024; Chen et al., 2022). These considerations further motivate the need to investigate
SDDS dynamics at a larger scale than within regional domains and within a spherical domain. Several previous
studies have utilized larger-scale numerical models to examine various aspects of subduction dynamics, including
the impact of slab remnants on subduction dynamics (Chen et al., 2024), the influence of plate sphericity on free
subduction (Chaillat et al., 2024; Chen et al., 2022), and subduction-induced mantle pressure and flow fields
(Holt, 2022). Other studies have employed large-scale modeling frameworks to investigate specific subduction
systems, such as the India—Eurasia collision (Li et al., 2024) and the plate velocity change recorded by the
Hawaii—-Emperor chain (e.g., Hu et al., 2022; J. Zhang & Hu, 2025). However, to our knowledge, no study has
employed spherical subduction models to systematically evaluate how geodynamic parameters and material
properties govern plate motions within large-scale double subduction systems.
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We therefore develop and analyze spherical double subduction models, evaluating the impact of a range of key
physical parameters previously shown to influence subduction dynamics: slab/mantle viscosity contrast (Billen &
Hirth, 2007; Stegman et al., 2010), interface strength (Behr & Becker, 2018; Cizkova & Bina, 2013), mantle
rheology (Cui et al., 2024; Holt & Becker, 2016; Zhong et al., 1998), subducting plate length (Holt &
Becker, 2016; Xue et al., 2020), plate width (Schellart et al., 2007; Stegman et al., 2006), trench length and
separation (Faccenna et al., 2018; Jagoutz et al., 2015), and obliquity (Balazs et al., 2021; Wada et al., 2015). The
selection of these parameters is inspired by the geometric complexities observed in real-world tectonic systems,
such as the highly irregular, jagged patterns for the intraoceanic trench of Neo-Tethys (e.g., Giirer et al., 2016;
Maffione & van Hinsbergen, 2018), which we approximate using a simplified set of geometric variables. All such
parameters have absolute values that are either uncertain (e.g., slab strength) or exhibit broad ranges on Earth
(e.g., obliquity and plate width/length). We therefore examine a large suite of models that systematically vary
these parameters to capture the associated range of impacts on plate motion.

To isolate the impact of double subduction on plate velocities, we compare pairs of equivalent single and double
subduction models within 3-D spherical domains. Our models therefore quantify the plate-motion differences
between end-member configurations rather than simulating the initiation or termination of the second subduction
zone itself. By holding properties constant within such model pairs, aside from the addition of a second sub-
duction zone, we systematically evaluate how double subduction influences plate motion across a diverse range of
rheological and geometric variables. We evaluate double subduction-induced changes in plate velocity magni-
tude, direction, and the best-fit Euler pole position, since the latter provides an integrated descriptor of plate
motion on a sphere. The results indicate that absolute plate speeds are particularly sensitive to rheological pa-
rameters, whereas differences in plate motion between single and double subduction models are more sensitive to
geometric variables (e.g., plate size and trench separation). To isolate the main mechanisms within our numerical
models, we also apply a torque-balance analysis to reproduce the first-order numerical model behavior. We find
that plate velocity changes induced by SDDS are driven by two primary mechanisms. The first is the additional
slab pull exerted by the added rear slab, a process well studied previously. Second, a reduction in the effective
subducting-plate area, that is, the area contributing to basal-drag resistance, also increases plate velocity. This
reduction requires faster plate motion to generate an equivalent resisting basal-drag torque, and therefore rep-
resents a previously unrecognized but critical factor in producing these plate-kinematic changes. This result
remains consistent across all tested variables, providing a mechanical framework for the dramatic plate velocity
changes reconstructed in natural systems such as the Neo-Tethys.

2. Method
2.1. Model Strategy

We construct 3-D spherical subduction models with whole-mantle domains using the ASPECT finite-element
code, version 2.6.0-pre (Bangerth et al., 2023; Heister et al., 2017; Kronbichler et al., 2012). The input geom-
etries, including the plate and slab structures, are generated using the Geodynamic World Builder (Fraters, 2023;
Fraters et al., 2019). Our goal is to characterize plate-velocity differences between prescribed single and double
subduction end-member configurations, rather than to simulate subduction initiation or the subsequent self-
consistent evolution of the slabs. The double subduction geometry represents a stage in which a second intra-
oceanic rear trench and its associated slab have already become established. We therefore adopt pseudo-
instantaneous models, run for only 10 kyr, short enough that plate and slab geometries undergo minimal evo-
lution from their imposed configurations. Hence the initiation of intra-oceanic subduction, due for example to the
deformation and weakening of the downgoing oceanic plate, is not simulated here. We adopt this pseudo-
instantaneous approach in order to directly compare plate velocities, and hence the underlying force balance,
between the single and double subduction cases without the need to correct for variable trench, plate, and slab
geometries. Our approach therefore relies on the implicit assumption that plate motion varies relatively smoothly
between these two states.

The models neglect thermal diffusion and do not solve the energy equation. Instead, the governing system reduces
to conservation of mass and momentum for incompressible creeping flow:

V-u=0 1)

GUO ET AL.

3of24

85U9D1 7 SUOLULLOD SO 3|edijdde au Aq peusenob ake SaoILe YO ‘88N JO S9INI J0J ARiq 1T 3UIIUO AB]IM UO (SUORIPUOD-PUR-SWLLBIALID A8 1M Afeiq U1 IUO//SAIIY) SUORIPUOD PUe SWS | 81 385 *[9202/60/60] U0 AfeIq1Tauliuo A8 |IM ‘ SaLeIqIT eI JO AISRAIN - 10H "4 Wepy A G0SYE0Er9z0Z/620T OT/I0p/LI0d A8 1M Akeiq 1 puljuo'sandnBe//sdny Wwouy papeojumod ‘6 ‘9202 ‘9SE669T



Fa\ >4 ¥

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2026JB034505

a) b) — 5 cmlyr

P

Velocit!
(cmlyr

12

Single Subduction Model

Double Subduction Model

Figure 1. Plate and slab geometries of (a) the reference single subduction model and (c) the reference double subduction
model, with (b) and (d) showing their respective plate-velocity distributions at 20 km depth. Red lines represent trench
locations, subducting plates are outlined by black dashed lines, and the thick black solid line in (c) represents the weak zone.

L denotes plate length, W denotes plate width and is equal to the frontal trench length 7'y, T, denotes rear-trench length, and L,
denotes trench separation. Side plates (not shown) are separated from the subducting plate by 50-km-wide weak zones. Velocity
contours are shown by thin dashed black lines.

VP+V - 2pé() +pg =0 2

where u is velocity, P is pressure, 7 is viscosity as a function of composition, ¢ is the strain-rate tensor derived
from the velocity field, and p is the composition-dependent density. Material properties are assigned through
compositional fields rather than temperature: density and rheological parameters are composition-dependent,
with isoviscous crustal and lithospheric layers and a strain-rate-dependent mantle. Six compositional fields are
included: the crust and lithosphere of the overriding plate, crust and lithospheric mantle of the subducting plate,
lithosphere of the side plate, and the weak zones. The weak zone material is used for two weak zones: vertical
decoupling zones situated between the subducting and adjacent side plates, and an intra-plate connector that links
the front and rear trenches in the double subduction models. This connector acts as a simplified mechanical
decoupling zone, rather than a self-consistent representation of a lithospheric shear zone. Both weak zones have
equivalent properties. All boundaries are mechanically free slip. We use this simplified boundary condition to
focus on plate-scale-velocity changes, while noting that free-surface and elastic effects, which are not included
here, may affect shallow stresses, trench motion, and near-surface deformation (e.g., Crameri & Tackley, 2016;
Patocka et al., 2019).

2.2. Reference Model Setup

In our reference single slab model (Figure 1a), both the subducting and overriding plates are square, with side
lengths of 45° (5,000 km). To reduce trench-parallel plate shortening, two half-width side plates are included,
separated from the subducting plate by 50-km-wide weak zones (Yamato et al., 2009). The slab has a radius of

GUO ET AL.

4 of 24

95UBD17 SUOWILIOD dAIERID 3|edldde 3y Aq peueA0B a2 SaILE YO 88N JO 3| 10) ARIQ1T BUIIUQ AB]IA UO (SUONIPUOD-PUB-SLLBIALIY"AB | ALe1d 1]BU1|UO//SANL) SUORIPUOD PUe SWLB | 31 39S *[9202/60/60] UO A1 auljuo AB|IM ‘ SB1ieIq 1T IWRIA JO AISIBAIUN - 1IOH " Wepy AQ S0SYE0Er9202/620T OT/I0p/W0d A8 |- A g putjuo'sandnBey/sdny Wwo.y pepeoiumoq ‘6 ‘9202 '9SE669TC



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2026JB034505

curvature of 280 km at the surface, transitioning into a straight segment that dips at 60° between depths of 140 and
450 km (the maximum depth). Phase transitions are not included for simplicity, so the imposed slab-tip depth
controls the initial slab-pull contribution without additional buoyancy effects associated with mantle phase
transitions. Sensitivity to the prescribed slab-tip depth is assessed separately below. All plates are 100 km thick,
including a 15-km-thick weak crustal layer at the top of both the subducting and overriding plates, and along the
upper slab surface to 120 km depth (Figure S1 in Supporting Information S1). This crustal layer makes up the
plate boundary shear zone, which facilitates decoupling and relative convergence between the two plates. In the
reference double slab model (Figure 1c), an intra-oceanic slab is inserted with the same geometry as the frontal
slab, and decoupled from the subducting plate by a trench-perpendicular, 25 km-wide weak zone cutting through
the lithospheric plates and extending between the two trenches. The second trench is located one-third of the plate
length away (1,700 km) from the frontal trench, with a trench length of 2,500 km (half the frontal trench length).

Both the lithosphere and crust have constant densities of 3,375 kg/m>, which is 75 kg/m> denser than the sub-
lithospheric mantle. The lithospheric and crustal layers are isoviscous, and in the underlying sub-lithospheric
mantle, we employ a composite rheology combining Newtonian and power-law behavior (Zhong et al., 1998),
in order to mimic the first-order effects of diffusion and dislocation creep, respectively. Lithospheric plates are set
to be 500 times more viscous (102 Pa s) than the reference mantle viscosity (2 X 10% Pa s) and the crustal layer
has a viscosity of 10%° Pa s. For deep plate-interface temperatures of 500-600°C and a reference strain rate of
10712 57! (e.g., simple shear across a 3-km-wide zone driven by a ~10 cm/yr convergence rate), this crustal
viscosity lies between experimental estimates for strong meta-basalts and weaker metasediments and serpen-
tinites (Behr & Becker, 2018; Tokle et al., 2023).

Power-law flow in the mantle is included due to its large effect on plate and trench motions (Holt & Becker, 2016;
Cizkové & Bina, 2013). The Newtonian viscosity component of the mantle, 77, is set to 4 X 102 Pa s. The power-
law component, #p, is calculated by reducing 7, within high strain rate regions following:

1—n

n

Np = ﬂN(é/éT) 3

where € is the square root of the second invariant of the strain rate tensor and 7 is the power-law exponent (=3.5), a
value representative of olivine dislocation creep (e.g., Hirth & Kohlstedt, 2003). ér is the transition strain rate,
where the Newtonian and power-law viscosities are equal, and hence controls the proportion of the domain within
the power-law regime. A lower value shifts a greater proportion of the deforming sub-lithospheric mantle into the
power-law domain and therefore represents a weaker mantle endmember. This remains a simplified parame-
terization: the isoviscous plates impose a discrete viscosity contrast at the plate base, rather than the smooth
lithosphere—asthenosphere transition of a thermal lithosphere with temperature-dependent viscosity. We assume a
transition strain rate of 5 X 1071 s~! (e.g., Holt & Becker, 2016), at which the power-law viscosity matches the
Newtonian mantle viscosity, that is, 7, = ny = 4 X 10%° Pa s. The effective model viscosity is then calcu-
lated as:

1 1\™!
n = (L + _) )
ef (’71\/ np

which produces the reference viscosity of 77,4 = 2 x 10?° Pa s. Below the 660-km discontinuity, viscosity
increases by a factor of 50 relative to the reference upper mantle value (Moresi & Gurnis, 1996). The lateral and
trench-perpendicular weak zones both have a constant viscosity equal to the upper mantle reference value
(2 % 10% Pa s) and the density of lithospheric plates (3,375 kg/m>).

2.3. Model Variables

We construct and analyze pairs of models with a range of rheological and geometrical parameters. Three rheo-
logical parameters are examined: lithosphere/mantle viscosity contrast #,/1,,, crust/mantle viscosity contrast
n¢/My» and power-law transition strain rate €. We also varied four geometric parameters: plate width W, plate
length L, trench separation L,/L, and trench length ratio T,/T;. These geometric variables are illustrated in
Figure 1c, and the values are detailed below.
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Relative to the reference crust/mantle viscosity contrast (;1(;/ ny = 0.5), we test a higher value of 2
(nc = 4 x 102 Pas) and a lower value of 0.1 (5. = 2 x 10'° Pas), to approximate stronger meta-basalts and
weaker metasediments and serpentinites, respectively (e.g., Behr & Becker, 2018). For the lithosphere/mantle
viscosity contrast (;7L/ ;1M), we also examine low and high ratios of 100 (5, = 2 X 10?2 Pa s) and 2,000
(n, = 4 x 10? Pas), corresponding to weak and strong end members of the range inferred from, for example,
geoid constraints, slab shapes and trench motions (Billen & Hirth, 2007; Funiciello et al., 2008; Ribe, 2010;
Schellart, 2009). Following Holt and Becker (2016), we also test low and high values of the transition strain rate,
of 10713 s and 10~'% s~!. Varying the transition strain rate, which is broadly analogous to varying the power-law
pre-factor within temperature-dependent flow laws, serves to bracket uncertainty in mantle strength within our
compositional models. A lower transition strain rate shifts a larger fraction of the deforming sub-lithospheric
mantle into the power-law regime and therefore represents a weaker mantle end member, particularly in high-
strain-rate regions around the subducting slab.

Regarding the parameters that govern plate and trench geometries, we examine large and small plate sizes of 54°
and 36°, both for square subducting plates (L = W). Additionally, we separately vary plate width W, with large
and small values of 36° and 54°, while holding the plate length constant at 45°. We also vary parameters related to
the rear trench, including trench length (the relative size of the rear trench: 7,/7T) and trench separation (the
distance between the two trenches normalized by plate length: L;/L). We examine large and small relative trench
lengths of 2/3 and 1/3, respectively, and large and small trench separations of 1/2 and 1/6. We also vary the
orientation of the inserted rear intra-plate trench relative to the fixed frontal trench. We examine rear-trench
angles of 11°, 22°, and 31°, relative to the parallel-trench reference case of 0°. Such variable trench-trench an-
gles, relative to the parallel trench cases, result in varying degrees of oblique convergence at the rear intra-plate
trench.

To investigate how multiple geometric factors may interact, we conducted two extended tests designed to explore
combinations of plate parameters. These tests are not intended to be exact reconstructions of a specific region.
Instead, they are simplified models based on the main features of the Neo-Tethys system during the Late
Cretaceous (Giirer et al., 2022; van Hinsbergen et al., 2020). For example, the complex ’saw-tooth’ segmented
trench geometry is simplified into two variables: trench obliquity and separation distance. In Model M, obliquity
is fixed at 31° while plate size (L = W) is increased further to 60° (~6,600 km). This is to test how obliquity
affects the plate velocity in larger plate cases. Model M, maintains the same large plate size and 31° obliquity as
M, but contains a lower trench separation (L;/L) of 1/6 relative to 1/3. This allows us to evaluate how reduced
trench separation influences plate velocity in a large-scale, oblique system. Full model parameters are listed in
Table S1 in Supporting Information S1.

2.4. Numerical Parameters

We employ a non-uniform mesh resolution to simultaneously resolve both lithospheric deformation and mantle-
scale circulation. The mesh is refined in regions with large viscosity gradients and within the prescribed
compositional domains, allowing high resolution within the lithosphere while simultaneously capturing large-
scale mantle flow. The refinement strategy produces a maximum refinement corresponding to ~2.8 km radi-
ally thick finite elements (in the lithosphere and crust) and a minimum refinement corresponding to ~45 km thick
elements (lower mantle). This results in ~4,900,000 cells, distributed non-uniformly across the domain. All
simulations were performed on the Skylake (SKX) nodes of the Texas Advanced Computing Center's Stampede3
supercomputer.

2.5. Velocity Analysis Method

To isolate the impact of the second slab on plate motion, we compare equivalent single and double subduction
models. Horizontal plate velocities are extracted 20 km below the surface, deep enough to lie beneath the highly
deformed crustal layer and thus unaffected by near-surface deformation. We analyze both the ratio of velocity
magnitudes (e.g., the shading in Figure 2a) and the differences in velocity vectors (arrows in Figure 2a). Rather
than plotting raw differences, all values are normalized by the corresponding single subduction velocity field.
This normalization removes the absolute velocity variations that arise for different rheological parameters,
thereby highlighting the relative effect of the second trench.
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Figure 2. (a) Velocity magnitude ratio, expressed as the double to single subduction plate velocity ratio, for the reference
models. Arrows show velocity-difference vectors normalized by the local single subduction velocity, (Vp — Vs)/|Vg|. The
gray dot marks the fixed far-field reference point within the interior of the subducting plate, where velocities are extracted for
comparison among models. Vs and Vj, indicate the absolute velocities at this reference point in the single and double subduction
models, respectively. Black contours indicate magnitude ratios of 1.5 and 2 in the reference models. The other panels display
velocity-difference vectors and contours of the magnitude ratio for pairs of models with variable (b) crust/mantle viscosity ratio,
(c) lithosphere/mantle viscosity ratio, and (d) transition strain rate. Green and orange denote the low and high values of each
variable, respectively.

We also determine the best-fitting Euler pole of the subducting plate. This allows us to characterize the velocity
field as a rigid-plate rotation on a sphere. Euler pole positions are identified using a least squares optimization that
minimizes the misfit between velocities predicted by rigid-plate rotation and those obtained from the numerical
model (e.g., Figure 3a). The misfit is defined as the normalized root-mean-square (RMS) difference:

Axll*ms \/ﬁ X Zi'VMOdel,i - VPre,i|2

VMistic = v - 1 -
ms v/ v X 2l Vode,il

where N is the number of velocity samples, i denotes each point at which velocities are extracted, Vyoge; and Vpge

®)

are velocity vectors in the numerical models and rigid plate predictions, respectively. Velocities are uniformly
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Figure 3. (a) Best-fitting Euler pole positions for single subduction (gray) and double subduction (blue) models with varying
rheologies. (b) Zoomed-in view of the double subduction Euler pole positions, distinguished by symbol, and color; black
curves and red arrowheads denote the reference subducting-plate extent. (c) Great-circle Euler pole shifts between each
single and double subduction model pair.

sampled over the points of a 1° X 1° grid, which is sufficient to capture the large-scale rigid-plate signal; denser
sampling produces only minor differences in the inferred Euler pole. From this calculation, we can also determine
the plateness (P), which quantifies the degree to which modeled plate velocities follow those of the rigid rotation
about the best-fitting Euler pole, as P = 1 — Vi (Liu & King, 2022; Mallard et al., 2016; Zhong et al., 1998).
A plateness of 1 indicates a perfectly rigid plate, whereas lower values reflect increasing internal deformation.
The intervening segment between the two trenches is excluded because the intra-plate weak zone inserted into the
double subduction models causes it to decouple and behave as an independent plate. After determining the Euler
poles for pairs of single and double subduction models, we quantify the shift by calculating the great-circle
distance between the two poles (e.g., Figures 3c and 4c).

2.6. Torque Balance

To understand the physical drivers of the numerically modeled subducting plate velocities, we investigate the
extent to which a torque balance between slab pull and basal drag can reproduce these velocities. We subsequently
compare the Euler poles predicted by the torque balance with those fitted to the numerical model velocity fields,
which enables us to isolate the primary geodynamic controls on plate motion in the more complex numerical
models. As with the Euler pole fit to the numerically modeled plate motions, the torque-balance solution is
constrained to rigid rotation of the subducting plate on a sphere, defined by three parameters: Euler pole latitude,
longitude, and rotation rate. We identify the rigid-plate rotation for which the basal-drag torque, computed from
the corresponding rigid-plate velocity field, most closely balances (i.e., is equal in magnitude and opposite in
direction to) the slab-pull torque.

The slab-pull torque (Tgp) is computed by integrating the local torque contributions, from the trench-
perpendicular slab-pull force per unit trench length, along the trench (e.g., Faccenna et al., 2012). The magni-
tude of slab-pull force per unit length (fgp) is taken as:

fSP = AngspLsp sin (a) (6)

where Ap is the density contrast between slab and surrounding mantle, Hy, is the slab thickness, Ly, is the slab
length, and a is the slab dip.
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Figure 4. Similar to Figure 2, the panels display velocity difference vectors and contours of the magnitude ratio for pairs of models with variable (a) plate width and
(b) plate length. Panels (c and d) show low and high values of trench length ratio, respectively, while panels (e and f) display low and high values of trench separation.
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The total slab-pull torque (Figure S2b in Supporting Information S1) is then obtained as the trench-length (Liepen)-
integrated cross product between the position vector r, measured from the planet's center, and the local force

element (dfp):
TSP = f dT = / rX dfsp (7)
L

trench rench

As also illustrated in Figure S2c¢ in Supporting Information S1, the opposing basal-drag torque (Tpp) is evaluated
by integrating the viscous shear stress over the area of the subducting plate (Iaffaldano & Bunge, 2015):

Tpp = ﬂr X dfgp ®

A

Here, df ) is the local basal shear force acting on the plate—mantle interface, which depends on the plate velocity
(v), the elemental plate area (dA), the assumed basal shearing thickness (Hy,), and mantle viscosity (17):

v
dfgp = n—-dA 9
BD =1 H,, ©

For simplicity, the shearing thickness and viscosity are held constant at 100 km and 2 x 10%° Pa s, respectively,
for all semi-analytical calculations, rather than being adjusted for each single—double subduction parameter case.
This globally constant viscosity allows us to isolate the first-order effects of slab-pull geometry and effective plate
area on the torque balance. Note that the slab-pull torque is set entirely by the imposed slab geometry and is
independent of the three rotation parameters, whereas the basal-drag torque is proportional to the local plate
velocity and therefore varies with the Euler pole position and rotation rate.

In the single subduction reference case, slab pull is integrated along the full frontal trench (Figure S2d in Sup-
porting Information S1). In the double subduction configuration, the inserted rear trench removes the slab-pull
contribution from part of the frontal trench, shown as the dashed segment in Figure S2e in Supporting Infor-
mation S1, while adding a second slab-pull contribution from the rear slab. The total slab-pull torque is therefore
calculated as the sum of the frontal- and rear-trench contributions (Figure S2e in Supporting Information S1). To
account for possible force transmission between the two same-dip slabs, we introduce a dimensionless parameter
(k), such that the rear trench experiences an enhanced unit slab-pull force of (1 + k)fgp. This parameterization
allows us to explore how inter-trench slab-pull transmission affects the torque balance; the sensitivity of the
predicted Euler pole and rotation rate to this transmission-efficiency parameter k is examined in detail in Sec-
tion 3.4. The second trench also partitions the subducting plate, changing the effective plate area from a quad-
rilateral to an L-shaped polygon and thereby redistributing basal drag and its associated torque (Figure 1c and
Figure S2 in Supporting Information S1).

To determine the Euler pole location and rotation rate predicted by the semi-analytical torque balance, we perform
a grid search over the three rotation parameters (Euler pole latitude, longitude, and rotation rate). For each
candidate solution, we compute the rigid-plate velocity field and corresponding basal-drag torque. The solution
minimizing the residual between the slab-pull and basal-drag torques defines the Analytical-EP and Analytical-
Velocity shown in Figure 7, which are obtained entirely from the torque-balance calculation. Separately, the
velocity field output from each numerical model is fitted with a rigid-plate rotation to obtain the corresponding
best-fitting Euler pole (Numerical-EP in Figure 7); the model-output velocity field itself is labeled Numerical-
Velocity. These numerical results are used only for comparison with the semi-analytical predictions and are
not used as input to the analytical basal-drag calculation. This torque analysis allows us to test whether the
numerically modeled velocity differences between single and double subduction models can be approximated by
a simplified balance between slab pull and basal drag. In this torque balance, secondary contributions such as slab-
bending resistance, complex mantle-flow effects, and ridge push are not included as separate torque terms. We
note, however, that viscous resistance to plate/slab bending is still implicitly present in the full numerical models
through deformation of the lithospheric layer, whereas elastic flexural stresses are not resolved because elasticity
is not included. The torque analysis is therefore intended to isolate the primary driving mechanisms underlying
changes in plate motion, rather than to provide a complete force decomposition.
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Figure 5. (a) Similar to Figure 3, the best-fitting Euler pole positions for models with varying plate and trench geometries,
(b) the corresponding zoomed-in view, and (c) the resulting Euler pole shifts.

3. Results

We first compare the reference single and double subduction models, which establish the baseline velocity in-
crease and Euler pole shift associated with double subduction. We then examine rheological variations as a
robustness test: material properties set the absolute velocity scale, but should not alter the relative double-to-
single response. Finally, we evaluate the plate and trench geometries, which directly modify the torque bal-
ance and exert the strongest control on relative velocity differences and Euler pole shifts.

3.1. Plate Velocities in the Reference Models

We first compare plate velocity fields between the reference single and double subduction models (Figures 1b and
1d). In the single case, plate velocity magnitude peaks at ~7 cm/yr near the trench and averages ~5 cm/yr in the
far field. In the double subduction case, velocities increase to ~8 cm/yr near the frontal trench and ~10.5 cm/yr
behind the rear trench. Far field plate velocities are also higher in the double subduction case; for example, at a
representative far-field location (gray dot in Figure 2a), velocity increases from 4.8 cm/yr in the single model to
7.0 cm/yr in the double model, giving a ratio of 1.5. The velocity ratio (double/single) exceeds 1 throughout the
subducting plate (Figure 2a). The ratio peaks at ~2.3 directly behind the rear trench and decreases northward. The
insertion of a second slab also redirects plate motion southeastward, as shown by the velocity difference vectors
(Figure 2a). At the representative far-field location, there is a 6° angle between the single and double subduction
velocity vectors in the reference cases; a complete list of these angular shifts across all models is provided in Table
S2 in Supporting Information S1.

Although our models have a viscous lithospheric rheology, and hence permit internal deformation, the subducting
plate behaves in a relatively rigid manner. That is, plate velocities have high plateness values of ~0.92 (corre-
sponding to normalized velocity misfits of ~0.08, i.e., ~8% deviation from rigid rotation) in both single and
double reference cases (Figure S3 in Supporting Information S1), confirming that an Euler-pole representation is
appropriate. These results align with the plateness of 0.93 reported in the spherical models of Liu and King (2022)
and are higher than the global estimate of ~0.87 from Earth's geodetic strain rate model (Kreemer et al., 2003),
which also includes deforming plate boundary zones. Similar values are observed in most parameter tests, except
in the weak-lithosphere cases (71L/ ny = 100) where a plateness of ~0.8 indicates much greater intraplate
deformation.

The best-fitting Euler poles reflect these plate velocity differences between single and double subduction.
Because the single subduction model is north—south symmetric and centered on the Equator, its Euler pole is at the
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geographic North Pole. In the double subduction case, the Euler pole shifts southward by ~30° (Figure 3a), and
also shifts east of the longitudinal center of the plate by a more moderate ~2°. The southward drift and eastward
offset are consistent with, respectively, the increased plate velocities ahead of the double subduction section and
the addition of a southward velocity component. The rotation rate around the best-fitting Euler pole increases
from ~0.44° Myr~! in the single subduction case to ~0.69° Myr~! in the double subduction model, corresponding
to aratio of ~1.57 (Table S3 in Supporting Information S1 for a full list of rotational rate ratios). This is consistent
with the velocity magnitude ratio at the representative far-field point. Additional sensitivity tests with shallower
and deeper imposed slab-tip depths (350 and 550 km) produce Euler pole positions within 1° of the reference 450-
km slab-tip depth models, suggesting that the relative plate-motion response is only weakly sensitive to the
imposed slab-tip depth (Figure S4 in Supporting Information S1).

3.2. Rheological Effects on Plate Velocities

We now describe the impact of varying crustal, lithospheric, and mantle viscosities within our pairs of single and
double subduction models. Overall, these rheological parameters exert a strong control on the absolute speed of
plate motion in both the single and double subduction models, but only modestly alter the relative impact of
double subduction.

Crustal viscosity exerts a strong control on absolute plate velocity (Figure 2b). Compared to the reference models
(’7c/ Ny = 0.5), where the far-field velocity in the double subduction case reaches 7.0 cm/yr, plate velocity is
~40% lower in the strong crust case (4.4 cm/yr; /1y, = 2), and ~40% higher in the weaker case (9.7 cm/yr,
ne/my = 0.1). Despite this large contrast in absolute speeds, the double-to-single velocity ratios remain nearly
identical across all cases. This can be seen by near-identical contour distributions of the double-to-single plate
velocity ratio (Figure 2b) and a similar ~6° azimuth difference at the far-field reference point (Table S2 in
Supporting Information S1). This indicates that the crustal viscosity strongly impacts the overall plate speed but
does not significantly affect the relative velocity differences caused by the addition of a second trench. Because
the 15-km-thick crustal layer is resolved by only ~5 elements at the reference resolution (~2.8 km), we reran the
reference model pair with a doubled crustal-layer resolution (~1.4 km). This produces similar first-order velocity
patterns, double-to-single velocity ratios, and Euler pole shifts (within 1°), supporting the robustness of the
reference-resolution results (Figure S5 in Supporting Information S1).

Lithospheric viscosity similarly influences absolute plate speeds (Figure 2¢). In models with stronger lithospheric
plates (nL/nM = 2000), the subducting plate has lower velocities in both the single and double subduction
models, with 5.5 cm/yr at the far-field point in the double case. The weaker lithosphere cases (71L/ Ny = 100)
exhibit higher plate velocities overall, consistent with reduced viscous bending resistance at the trench. The area
of the subducting plate undergoing enhanced relative acceleration (i.e., high double-to-single velocity ratios)
extends farther into the plate interior than in the other two lithospheric strength cases. This is due to the enhanced
intraplate deformation, as also recorded by its low plateness. However, the far-field velocity differences remain
broadly similar (ratios of 1.4-1.6 and azimuth differences of ~6-7°), indicating that changes in lithospheric
strength primarily affect the region closely behind the trench where intraplate deformation is concentrated.

Mantle rheology, parameterized by the transition strain rate <€T) in our models, similarly scales plate velocity

magnitudes without significantly affecting the velocity differences between double and single subduction
(Figure 2d). A lower transition strain rate (107! s~!), which results in more dislocation creep and a reduced
effective mantle viscosity, increases plate velocities by 79% at the far-field reference point. Conversely, a higher
strain rate (10~'* s71) reduces plate velocities by ~16%. Crucially, the velocity ratio (~1.5 at the far-field point)
and azimuth difference (~6°-7°) between the double and single cases again exhibit only minor variations as a
function of mantle strength.

The changes in Euler pole positions cluster within a relatively small region for all model pairs (Figure 3a). While
equatorial symmetry of the single subduction zone situates all poles at the North Pole, the addition of a second
slab shifts the poles southward by 25°-30° across all double subduction cases (Figures 3a and 3b). In detail, there
is ~3° of variation in the Euler pole shift distance for the variable crustal viscosity cases, ~5° for the variable
lithospheric strength cases, and only ~1° for the variable mantle strength cases (Figure 3c). Similarly, the single-
to-double subduction ratios of Euler pole rotation rates are relatively constant, between 1.54 and 1.61, for all tests.
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3.3. Geometric Effects on Plate Velocities

Having established that the relative double-to-single velocity differences are broadly robust across rheological
variations, we next examine the geometric parameters that directly modify the torque balance and dominate the
resulting Euler pole shifts. To compare models with different plate sizes, we normalize the plate coordinates by
the plate length and width, so that each plotted point represents an equivalent relative position within the sub-
ducting plate. At each position, we calculate the velocity-difference vector between the double and single sub-
duction models and normalize its magnitude by the local single subduction velocity. Figure 4 therefore shows
normalized relative velocity differences on a normalized plate geometry, rather than absolute velocity differences.

The relative plate velocity differences remain consistent when plotted in non-dimensional coordinates, regardless
of variations in plate width or overall plate size (i.e., both width and length). That is, the normalized velocity
difference vectors and velocity ratio contours are relatively insensitive to plate width-only and overall plate size
variations (Figures 4a and 4b). However, because these comparisons are made in normalized plate coordinates,
they reflect relative spatial patterns rather than the absolute velocity distribution on the sphere. The absolute
velocity distribution in double subduction models is highly sensitive to plate size, and velocity vectors for small
and large plates differ significantly at the same geographic locations (Figure S6b in Supporting Information S1).
In contrast, the double subduction velocity fields are very similar when only plate width is varied (i.e., length held
constant; Figure S6a in Supporting Information S1). Consequently, the best-fitting Euler poles shift substantially
with changes in plate size: smaller plates undergo larger Euler pole displacements (~33°), while larger plates
exhibit reduced shifts (~24°). By contrast, the Euler pole shift remains nearly constant for variable plate widths, at
27°-28° (Figure 5).

The trench length ratio (7,/T), which defines the relative length of the intra-oceanic trench, exerts a substantial
influence on both plate velocity patterns and Euler pole shifts. Models with shorter intra-oceanic trenches
(T,/T, = 1/3)exhibit a modest speedup (a ratio of 1.25) over a limited spatial extent. In contrast, larger ratios
(2/3) produce a greater speedup (ratio of 1.67) over a broader area (Figures 4c and 4d). This is accompanied by an
increase in the rotation-rate ratio, between the best-fitting single and double subduction Euler poles, which rises to
1.79 compared to 1.34 in the small 7,/T; model. Euler pole shifts are less sensitive to this variable than to plate
size and range between 25° and 29°.

The relative separation between the two trenches also exerts a strong control on plate velocity patterns and Euler
pole displacement. With greater separation (L,/L = 1/2), the effective subducting plate area behind the rear trench
is reduced, producing a wider region of pronounced speedup behind the rear trench (Figure 4f), Euler pole
displacements of ~31°, and rotation rate ratios of 1.65. By contrast, with a smaller separation (L,/L = 1/6), the
speedup is reduced such that none of the plate has a velocity magnitude ratio above 2 (Figure 4e), and the Euler
pole shift decreases to ~22° (Figure 5c¢), with the rotation rate ratio decreasing to 1.42.

Trench obliquity further modifies both the plate velocity patterns and the associated changes in Euler pole po-
sitions. With increasing obliquity, velocity vectors tilt progressively southward, from 6° to 13° at the repre-
sentative far-field location (Figure 6a). Increasing obliquity therefore produces progressively larger eastward
Euler pole shifts, of up to 17° (Figure 6b). Furthermore, our extended tests explore combined effects: in Model
M1, with plate size increased to 60° and trench obliquity of 31°, the Euler pole lies ~8.5° closer to the pole
position of the corresponding single subduction case. In Model M2, where trench separation is reduced to 1/6, the
Euler pole displacement decreases to 14° (Figure 6b).

Overall, geometric variables exert a more pronounced influence on Euler pole displacements than the rheological
variables. In particular, parameters that modify plate and trench geometry, including plate size, trench separation,
and obliquity, drive significant Euler pole shifts. Conversely, absolute plate speeds are less sensitive to the tested
range of geometric variables than to the rheological variations.

3.4. Torque Balance

We now evaluate whether the numerically modeled plate velocities and Euler pole positions can be predicted
using a balance between the slab-pull and basal-drag torques (Figure 7). As detailed in the Methods and Figure S2
in Supporting Information S1, the slab-pull torque is calculated by integrating the slab-pull force along the
trenches, whereas the opposing basal-drag torque is calculated by integrating the plate-velocity-dependent basal
shear force over the effective plate area. The Analytical-EP is the Euler pole predicted by this torque balance
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Figure 6. (a) Normalized velocity difference vectors for double subduction models with varying obliquities of the second
trench (dashed lines), with the obliquities displayed in different colors. The dashed black lines are the corresponding weak
zones that are perpendicular to the trenches. (b) Zoomed-in views of Euler poles in models with increasing obliquity (left to
right), with the final two markers showing modifications to the 31° obliquity case: increased plate size (M1) and reduced
trench separation (M2).
alone; the Numerical-EP is fitted to the numerical model velocity field and is used only for comparison
(Section 2.6).
In the single subduction case, the symmetric trench geometry produces a north-directed slab-pull torque balanced
by a south-directed basal-drag torque (Figure S2a in Supporting Information S1). In the double subduction case,
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Figure 7. Analysis of Euler pole (EP) displacements and torque-balance predictions in double subduction systems.

(a) Comparison between numerical model results and semi-analytical torque-balance predictions for the reference double
subduction case. Numerical-velocity denotes the original model-output velocity field, from which the best-fitting numerical-
EP is computed. Analytical-EP denotes the Euler pole predicted independently from the torque-balance calculation, and
analytical-velocity denotes the corresponding velocity field. The velocity vectors are shown to compare the original
numerical model-output velocity field with the torque-predicted (analytical) plate velocity field. (b) Torque-based
decomposition of EP shifts from the single subduction baseline (gray circle): the shift caused by changing slab-pull torque
from the single to double subduction configuration while keeping the single subduction effective plate area (pink), the shift
caused by changing effective plate area while keeping the single subduction slab-pull torque (cyan), and the combined effect
of both changes (blue). The numerical-EP (red square) is plotted for comparison with the analytical torque-balance
prediction. (c—e) Comparison between numerical-EP and analytical-EP positions for models with variable (c) plate size,
(d) trench separation, and (e) rear-trench obliquity.

slab pull is applied at two trenches, producing two torque contributions with different orientations and lever arms
relative to Earth's center. In the reference model, the addition of the rear trench modifies the magnitude and
orientation of the net slab-pull torque, forcing the plate to reorganize its velocity field so that the basal-drag torque
(Tpgp) again balances this modified driving torque. The efficiency of force transmission between the two trenches
is parameterized by the dimensionless factor k, which sets the fraction of frontal slab-pull force transmitted
through intervening plate segment (i.e., from the front to the rear trench). We adopt a constant value of £ = 0.15,
which represents the transmission of 15% of the frontal slab pull (f SP) to the rear trench, as it reproduces the
numerically derived Euler pole shift for the reference model pair.

Using this transmission factor, the semi-analytical torque balance reproduces the ~28° Euler pole displacement in
the reference model (Figure 7b). To quantify the relative contributions of subducting plate geometry and slab-pull
force, which both change in the transition from single to double subduction, we performed two simplified end-
member analytical tests in which one factor was varied while the other was fixed to the single subduction
reference. In the first test, the plate area was reduced to that of the double subduction geometry (Ap) while the
slab-pull torque (Tsp) was fixed to that of the single subduction setup. This yielded a ~20° pole shift due solely to
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the reduction in effective plate area behind the inserted trench (Figure 7b). In the second test, the slab-pull force
was increased and redistributed to the double subduction configuration ((1 + k)f SP), while the subducting plate
geometry remained fixed to that of the single subduction case (Ay). This produced a ~10° shift in the Euler pole
location. These results indicate that, for our reference configuration, the reduction of plate area behind the rear
trench contributes more to the Euler pole shift than the additional and redistributed slab pull force due to double
subduction. Together, the combined contributions (~30°) align with the total ~28° observed in the reference
double subduction model (Figure 7b), demonstrating that these two factors drive the numerically modeled Euler
pole shifts.

Keeping k£ = 0.15 fixed, the analytical torque balances reproduce the first-order Euler pole shifts for our other
geometric tests. Torque calculations were not performed for the plate width and trench length ratio tests, as their
Euler-pole shifts are less pronounced. Increasing the plate size progressively shifts the double subduction Euler
Pole northwestward, as numerically modeled, thereby reducing the Euler pole displacement (Figure 7c).
Decreasing trench separation reduces the primarily latitudinal Euler pole shift, although this is less well matched
by the analytical torque balances (Figure 7d). Increasing trench obliquity causes the Euler poles to migrate
eastward in the numerical models; while the analytical calculations capture this longitudinal trend, they do not
reproduce the southward shift also observed in the numerical models (Figure 7¢). Hence, while a constant
transmission factor of k = 0.15 enables us to analytically match the first-order pole-shift trends for most of the
tests, discrepancies arise for certain models. These deviations suggest that a uniform & may be overly simplistic
for certain geometries. The factors that may contribute to these mismatches, and comparisons with variable
transmission factors, are addressed in the Discussion.

4. Discussion
4.1. Mechanism of Velocity Changes and Euler Pole Shifts

Slab pull is well established as the primary driver of plate motion, and Euler pole positions are dynamically
determined by the instantaneous balance between driving and resisting torques (Coltice et al., 2019; Conrad &
Lithgow-Bertelloni, 2002; Forsyth & Uyeda, 1975; Lithgow-Bertelloni & Richards, 1998). While large-scale
mantle buoyancy structures evolve over ~100 Myr, recent high-resolution marine magnetic and geodetic
studies reveal plate motion variations occurring on shorter timescales, for example over just a few million years
(e.g., Bull et al., 2010; Merkouriev & DeMets, 2014). Previous research suggests these changes can be triggered
by variations in plate-boundary or slab-related forces, such as the initiation or cessation of subduction zones
(Copley et al., 2010; Faccenna et al., 2012; Iaffaldano et al., 2006; Richards & Lithgow-Bertelloni, 1996), slab
buckling (van der Wiel et al., 2024), or slab detachment (Bercovici et al., 2015). However, most studies focus on
specific regions or single subduction systems; consequently, the kinematic consequences of double subduction,
especially the impact of newly initiated intra-oceanic trenches on Euler pole position and plate rotation, remain
poorly constrained.

Existing 2-D and limited-extent 3-D models of same-dip double subduction demonstrate that, relative to single
subduction, additional slab pull is a primary driver of plate acceleration (e.g., Faccenna et al., 2018; Holt
et al., 2017; Jagoutz et al., 2015; Pusok & Stegman, 2019, 2020). Crucially, the degree to which this additional
slab pull is transmitted between subduction zones, and hence influences plate kinematics, depends on the effi-
ciency of force transmission through the intervening plate (Holt et al., 2018; Jian et al., 2023). Our results build on
these studies by showing that the finite lateral extent of the rear trench, characteristic of natural intra-oceanic
systems, introduces an additional control on plate motion. Such finite rear-trench extent produces non-uniform
plate velocities and associated plate motion re-orientations that cannot be fully captured by 2-D models or by
3-D models in which the rear trench extends across the full plate width. Because plate motions on a sphere are
described by rotations around Euler poles, characterizing how these poles migrate is essential for linking double
subduction-induced kinematic changes to tectonic and marine magnetic constraints (e.g., DeMets et al., 2010;
Giirer et al., 2022; Torsvik et al., 2012; van Hinsbergen et al., 2020).

Our results indicate that the kinematic effect of same-dip double subduction cannot be interpreted simply as a
direct consequence of additional slab pull. Previous studies have emphasized slab-pull transmission between two
same-dip slabs as the main cause of plate acceleration, and our models support the importance of this mechanism.
However, the torque-balance analysis shows that finite rear-trench geometry also modifies the resisting side of the
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Figure 8. Euler pole shifts as a function of (a, d) plate size (L = W); (b, e) trench separation (L,/L); (c, f) obliquity. Panels
(a—c) show results for varying force transmission factors: k = 0 (blue), 0.15 (orange), and 0.3 (green). Panels (d—f) show
results at a constant k = 0.15, with curves representing the individual contributions of reduced plate area (pink), additional slab
pull force (cyan), and the combined effect (orange). Stars denote the corresponding numerical Euler pole shifts. Dashed curves
show fitted k values that better match the numerical Euler pole shifts.

force balance by reducing the effective subducting-plate area contributing to basal drag. This reduction decreases
the area over which resisting basal shear is integrated, allowing finite rear-trench systems to produce both ac-
celeration behind the rear trench and substantial Euler pole migration. In the reference model, this reduced
effective plate area contributes more to the Euler pole shift than the increase in net slab pull, highlighting the
importance of basal-drag redistribution in intra-plate SDDS systems. Together, these two mechanisms explain the
modeled double-to-single subduction velocity differences and Euler pole migration (Figure 9). More broadly,
they suggest that natural episodes of intra-oceanic subduction initiation or termination may reorganize plate
motion not only by changing slab-pull forces, but also by modifying the geometry of basal-drag resistance.

4.2. Dependence on Mechanical and Geometric Variables

Having established that plate acceleration and Euler pole migration arise from changes in slab pull and effective
plate area, we now discuss how variations in rheological and geometric parameters influence this reorganization.
Our results demonstrate that, while the absolute speeds of subducting plates within both single and double
subduction systems are highly sensitive to rheological properties, the relative reorganization of their motion
induced by double subduction is more sensitive to the geometry of the subduction system. Rheological

GUO ET AL.

17 of 24

85U9D1 7 SUOLULLOD SO 3|edijdde au Aq peusenob ake SaoILe YO ‘88N JO S9INI J0J ARiq 1T 3UIIUO AB]IM UO (SUORIPUOD-PUR-SWLLBIALID A8 1M Afeiq U1 IUO//SAIIY) SUORIPUOD PUe SWS | 81 385 *[9202/60/60] U0 AfeIq1Tauliuo A8 |IM ‘ SaLeIqIT eI JO AISRAIN - 10H "4 Wepy A G0SYE0Er9z0Z/620T OT/I0p/LI0d A8 1M Akeiq 1 puljuo'sandnBe//sdny Wwouy papeojumod ‘6 ‘9202 ‘9SE669T



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2026JB034505

(a)

Single Slab Pull + Original Plate Area

(d) Increased Slab Pull + Reduced Plate Area

(b) Reduced Plate Area

(c) Increased Slab Pull

Figure 9. Tllustration of the influence of same-dip intra-oceanic double subduction on plate velocity changes and the corresponding Euler pole shifts. The velocity
difference between the single subduction case (a) and the double subduction case (d) can be decomposed into two primary drivers: (b) reduced effective plate area and
(c) increased slab pull force. Changes in slab pull and plate velocity are indicated by varying arrow size and direction.

parameters, such as the viscosities of the plate interface and the surrounding mantle, strongly impact absolute
plate velocities. For instance, a weaker crustal layer reduces the plate motion-resisting shear stresses along the
plate interface and thereby increases plate speeds (e.g., Behr & Becker, 2018; Conrad & Hager, 1999), while a
lower transition strain rate promotes non-Newtonian, power-law creep that increases plate speeds by reducing
basal tractions below the plates (e.g., Holt & Becker, 2016; Jadamec & Billen, 2010). However, because the
driving slab-pull torque remains consistent across model pairs with varied rheological parameters, the relative
kinematic response to double subduction, specifically Euler-pole positions and velocity magnitude ratios, remains
comparatively unchanged. By contrast, variations in plate and trench geometry modify the torque balance itself,
thereby altering both the magnitude and direction of plate motion, including the position of the best-fitting Euler
pole.

This geometric sensitivity arises because plate motion reflects the balance between slab pull acting along the
trench and the basal drag resisting motion over the plate area. When the overall plate size increases (i.e., both W
and L increase), slab pull continues to scale with trench length, but the redistribution of the resisting torque over
the larger plate requires a more pronounced reorganization of the velocity field to reestablish torque balance.
Consequently, significant changes in Euler pole position occur. By contrast, when plate width (W) is varied while
plate length (L) is held constant, both the driving slab pull force (which scales with trench length) and the resisting
basal-drag force (which scales with plate area, W X L) increase proportionally. Because these torques scale
together, the overall torque geometry remains similar, and only minor variations in absolute speed or Euler pole
position arise.

Besides plate size, plate velocity distributions are also influenced by the location of the added trench. Positioning
the added subduction zone farther from the frontal trench (i.e., a larger trench separation) reduces the effective
basal area of the subducting plate that participates in resisting torque behind the rear trench. Previous modeling of
single subduction systems with variable plate lengths demonstrated that reducing the effective plate area de-
creases basal drag resistance and promotes faster plate motion (e.g., Bellahsen et al., 2005; Holt & Becker, 2016;
Xue et al., 2020). For example, shortening the subducting plate in the trench-normal direction reduces the area
over which basal drag is integrated, allowing comparable slab pull to drive faster plate motion. On Earth, possible
links between paleo-plate size and plate speed are consistent with this effect, most notably the ultra-fast motion of
the Izanagi plate as it progressively shortened before being fully subducted (Miiller et al., 2016; Wu et al., 2024).
By analogy, in the double subduction configuration, greater trench separation reduces the portion of the plate that
contributes to resisting torque, thereby enhancing the velocity increase associated with the second slab and
producing larger Euler pole shifts. Increased trench separation also relieves the dynamic pressure buildup
associated with the mantle trapped between the slabs, which would otherwise resist convergence (Holt
et al., 2017; Jagoutz et al., 2015; Pusok & Stegman, 2019).
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Trench separation and overall plate size together determine the extent of the intervening segment between the two
trenches. Within this region, transmission of slab pull from the frontal to the rear trench is subject to dissipation,
manifested in our viscous models as distributed deformation of the intervening plate and, in natural systems,
potentially as rifting or back-arc spreading (Holt et al., 2017; Jian et al., 2023). We parameterize this process using
a transmission efficiency factor (k), which sets the fraction of the frontal slab-pull force transmitted to the rear
trench. Our analytical results show that the predicted Euler pole shifts are highly sensitive to the magnitude of this
force transfer. For variations in overall plate size, a constant transmission factor (k ~ 0.15), calibrated to the
reference configuration, reproduces the numerical results well (Figures 8a and 8d). However, this same value does
not reproduce all geometric trends, particularly for large trench separation and high obliquity (Figures 8b, 8c, 8e,
and 8f). We therefore explored a range of k values to identify the optimal fit for each configuration (Figure 8a—8c).
The best-fitting k values are geometry-dependent and decrease to near-zero for the large trench separation and
high obliquity end-members. Because greater separation and obliquity correspond to increased distances between
trenches, the decline in k indicates reduced slab-pull transmission efficiency as the intervening plate region
expands.

Notably, even in the limit £ = 0, the analytical model overpredicts Euler pole shifts for the largest trench sep-
aration and trench obliquity cases. A formal fit would thus require negative transmission efficiencies (k < 0),
which are not physically meaningful. Rather than implying reverse force transmission, these negative values
indicate that additional resisting torques are not fully captured in our simplified torque balances. In particular, by
treating basal shear as the sole resisting torque and neglecting lithospheric bending dissipation (Buffett, 2006;
Conrad & Hager, 1999), the analytical model likely overestimates the effective driving torque in these geometries.
In addition, the semi-analytical torque balance assumes a constant basal viscosity for all models, whereas the
numerical models include strain-rate-dependent mantle viscosity. A spatially uniform change in basal viscosity
would rescale the predicted rotation rate in our torque balances without shifting the predicted pole position. The
constant-viscosity assumption does, however, neglect lateral viscosity variations, which modify the basal-drag
distribution and hence can shift the predicted pole position. Such variations arise in the numerical models
through feedbacks between plate motion and dynamic asthenospheric weakening, which will reduce basal
resistance beneath fast-moving plates (Lenardic et al., 2019; Patocka et al., 2024). This dynamic weakening is
strongest beneath the fast-moving plate segment behind the rear trench, so accounting for it would reweight the
basal-drag torque and could improve the analytical Euler pole predictions in exactly these largest-mismatch cases.
However, incorporating such variations would require model-specific viscosity fields or additional scaling laws
and would obscure the geometric torque decomposition that is central to our analysis. The inferred negative k
values therefore act as a proxy for the resistive torques (e.g., plate bending) not included in the torque balances.
Together, these simplifications mean that the analytical model is intended to capture the first-order torque balance
rather than reproduce the full numerical solution. Importantly, across all configurations, including those with
variable k, the reduction in effective plate area remains the dominant contributor to Euler pole shifts, with
additional slab pull providing a secondary driver of Euler pole migration whose importance depends on the ef-
ficiency of trench-to-trench force transmission (Figures 8d—8f).

4.3. Geological Implications

Same-dip double subduction (SDDS) emerges from our models as an effective mechanism for reorganizing plate
motion, capable of generating both acceleration and directional changes through torque redistribution. By altering
effective plate area and modulating slab-pull transmission, SDDS provides a mechanical framework for inter-
preting several major plate-motion changes in Earth's history.

In the Neo-Tethys, plume-induced initiation of an intra-oceanic slab near Africa (van Hinsbergen et al., 2020) at
~105 Ma established a same-dip double subduction system whose developing slab pull between 96 and 92 Ma
accelerated Africa from ~2-3 to 4.5-8 cm/yr and drove anticlockwise rotation, before ophiolite obduction and
slab termination slowed the system at 85-70 Ma (e.g., Giirer et al., 2022). The modeled double-to-single velocity
ratio near the newly initiated trench (up to 2.3 in the reference models) is consistent with the magnitude of the
observed acceleration, supporting the inference that SDDS initiation can significantly increase subducting plate
speed. The subsequent slowdown in the Neo-Tethys is also consistent with the reverse torque adjustment expected
during SDDS termination. Farther east, the India—Eurasia system shows that double subduction can produce
extremely high convergence rates. Although acceleration between 80 and 65 Ma has also been linked to the
narrowing of the active trenches, and hence a reduction in inter-slab dynamic pressure buildup, the presence of a
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sustained double subduction system provided the mechanical framework to reach and sustain convergence rates
exceeding 14 cm/yr (Jagoutz et al., 2015). This interpretation aligns with our numerical results, which show that
double subduction configurations produce higher plate velocities than the single subduction cases across all tests.
Specifically, the velocity magnitude ratio exceeds one across all tested configurations, reaching up to 2.3 directly
behind the inserted trench. Conversely, the transition from SDDS to single subduction, following the demise of an
intra-oceanic trench, may also produce significant plate motion variations through the inverse process: reduced
slab-pull transmission and recovery of plate area diminish net driving torque and promote velocity reorganization.
For example, the abrupt Pacific plate motion change marked by the ~50 Ma Hawaii—-Emperor seamount bend
appears to coincide with termination of the Kronotsky subduction zone in the northwest Pacific Ocean (Clennett
et al., 2023; Domeier et al., 2017; Hu et al., 2022; Konstantinovskaia, 2001; Vaes et al., 2019).

Our prescribed double subduction geometries are not intended to match a particular plate reconstruction, but to
represent generic end-member configurations for exploring how an additional same-dip intra-plate subduction
alters plate motion. While our models yield single-to-double subduction Euler pole shifts of up to 33°, geological
reconstructions typically indicate changes of only a few degrees (e.g., Giirer et al., 2022). However, given our
instantaneous modeling approach, these modeled shifts correspond to those between a single subduction zone and
a mature double subduction system. Time-dependent modeling would be needed to investigate the timing of the
transition to double subduction (Mishin et al., 2008; Pusok & Stegman, 2019), and of the associated Euler pole
migration, but would introduce additional model complexity and parameters. Furthermore, our models M; and M,
demonstrate that increasing obliquity, decreasing trench separation, and increasing plate size—complexities
common in natural systems—substantially reduce these pole shifts, for example, to 14° in model M,, which
combines high obliquity, larger plate size, and reduced trench separation. Natural systems also involve additional
driving forces, such as mantle plumes (e.g., Gerya et al., 2015; van Hinsbergen et al., 2021) and ridge push
(e.g., Copley et al., 2010; Richardson, 1992), leading to kinematic mismatches with our simplified models. At the
same time, geological reconstructions for regions like the Neo—Tethys often provide minimum estimates; because
the seafloor fabric is lost, these reconstructions rely on net plate circuits that may overlook area gain from intra-
oceanic extension, for example, the Eurasia—North America—Africa—Arabia plate circuit (e.g., Giirer et al., 2022;
Seton et al., 2012). Thus, both model simplifications and the fragmented nature of the geological record contribute
to the observed discrepancy.

Our interpretation of distance-dependent slab-pull transmission also provides a complementary mechanical
perspective on the kinematic evolution of the Izu—Bonin—Mariana subduction system in the western Pacific.
Ryukyu subduction has been proposed as the regional driver responsible for shifting the Izu—Bonin trench from
retreat to advance (Faccenna et al., 2018; Cizkova & Bina, 2015); however, although the Mariana trench is also
advancing, its advance rate is substantially lower, approximately half that of the Izu-Bonin segment (Lallemand
et al., 2008). Previous studies attribute this contrast to structural factors, proposing that although stress transfers
efficiently from Ryukyu to Izu-Bonin, the Mariana back-arc basin dissipates transmitted slab pull, thereby
limiting trench advance (Holt et al., 2018; Jian et al., 2023). Our results are consistent with reduced slab-pull force
reaching the Mariana segment, but further suggest that geometric separation between trenches provides an
additional control. In our framework, increasing trench-to-trench distance lowers transmission efficiency (k),
even without explicit structural barriers, indicating that spatial separation itself can weaken slab-pull coupling.
Thus, geometric distance, together with structural complexity, may explain why Mariana advance is more limited
than farther north along the Izu—Bonin trench.

Although rheological parameters in convergent systems remain poorly constrained, including variations in
lithospheric strength and mantle viscosity, and strongly influence absolute plate speeds, our results indicate that
they exert comparatively minor control on the relative kinematic differences induced by double subduction when
velocities are evaluated relative to single subduction reference states. Instead, geometric configuration emerges as
the dominant control on plate acceleration and Euler pole migration. Because plate and trench geometries are
directly constrained by tectonic reconstructions and are continually refined, this geometric sensitivity enhances
the practical applicability of our framework. Incorporating region-specific geometric complexity into future
models should therefore improve agreement between geodynamic model predictions and reconstructed plate-
motion histories.
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5. Conclusions

Our 3-D spherical geodynamic models demonstrate that intra-oceanic same-dip double subduction (SDDS) re-
organizes the kinematics of large tectonic plates, accelerating them and systematically shifting their Euler poles.
This is driven by a dual mechanism: the inserted rear trench partitions the subducting plate and thereby reduces
the effective plate area contributing to basal-drag resistance, while additional slab pull provides an important but
secondary contribution to plate velocity changes and Euler pole displacement. These effects are consistent across
a wide range of tested parameters. Across these variations, we find that geometric variables (e.g., plate size and
trench separation) primarily reorganize the distribution of driving and resisting torques, and thus control the
relative plate velocity differences between single and double subduction, whereas rheological variables
(e.g., plate and crustal strength) mainly control absolute plate speeds within both configurations. Furthermore, by
comparing numerical models with analytical torque calculations, we show that the efficiency of slab-pull
transmission between trenches within the SDDS configuration is distance-dependent, decreasing as trench sep-
aration increases. Overall, these findings support previous suggestions that the initiation or termination of intra-
oceanic SDDS provides a viable physical mechanism for rapid plate-motion changes, such as those inferred for
the African plate in the Late Cretaceous. Together, our results provide quantitative geodynamic support linking
SDDS to major plate reorganizations.
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