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SUMMARY5

The strength of the subduction interface plays a major role in controlling subduction dy-6

namics on both local and global scales. While previous studies have primarily examined in-7

terface strength in two-dimensional models, natural subduction zones are inherently three-8

dimensional, with interface strength varying along-strike due to spatial differences in factors9

such as sediment input. Here, we use the geodynamic code ASPECT to conduct fully dy-10

namic 3D subduction models in which interface strength varies along-strike. We find that the11

interaction between strong and weak segments of the interface leads to a narrower range of12

convergence velocities while broadening the range of viable interface stresses compared to13

2D or homogeneous 3D models. Stronger segments, when adjacent to weaker ones, exhibit14

increased convergence velocities. This promotes higher interface stresses and facilitates the15

subduction of otherwise stagnant strong segments. We find that the interface viscosity of the16

strong segment controls the baseline stress, whereas the viscosity contrast along-strike controls17

the magnitude of amplification of the stress due to velocity increases. The elevated interface18

stresses at strong segments also generate greater compressional forces in the overriding plate19

than expected from 2D models. Combined with along-strike variations in convergence veloc-20
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ity, this results in trench migration, with stronger segments displaying more advanced trench21

positions relative to weaker segments. Possible natural analogs include the Bolivian Orocline22

in the central Andes and the Lesser Antilles, both of which show enhanced overriding plate23

compression and trench advance in areas of reduced sediment supply.24

Key words: Subduction zone processes, Rheology: crust and lithosphere, Dynamics of litho-25

sphere and mantle26

1 INTRODUCTION27

The subduction of negatively buoyant lithosphere is fundamental to plate tectonics, driving plate28

motions, arc volcanism, crustal recycling, and hazardous megathrust earthquakes. Much of our29

understanding of subduction dynamics comes from geological and geophysical observations and30

foundational 2D modeling studies, which have provided fundamental insights into processes such31

as slab rollback, mantle flow, and subduction zone deformation (e.g., Zhong and Gurnis, 1995;32

Toth and Gurnis, 1998; Conrad and Hager, 1999; Doglioni et al., 2007; Stern, 2002). However, 2D33

models inherently simplify the system, omitting the along-strike variations now recognized as crit-34

ical for understanding natural subduction systems. Such variations include differences in subduct-35

ing plate age, thickness, and slab dip (e.g., Nazca; Cahill and Isacks, 1992; Kay and Mpodozis,36

2002; Capitanio et al., 2011), and laterally limited features such as oceanic plateaus (e.g., van37

Hunen et al., 2002; Liu et al., 2010), mid-ocean ridges (e.g., Bradley et al., 2003), or microconti-38

nental fragments (e.g., van den Broek and Gaina, 2020). These heterogeneities strongly influence39

subduction dynamics, affecting trench location, curvature, slab dip, and the compressional forces40

driving mountain building across the convergent margin (e.g., Rodrı́guez-González et al., 2012,41

2016; Balázs and Gerya, 2024; Capitanio et al., 2011).42

Another key factor that can vary both with depth and along strike is the mechanical nature43

of the subduction interface— the weak shear zone that forms between the subducting and over-44

riding plates. This interface can be composed of a variety of materials, including lenses of mafic45

oceanic crust, ultramafic mantle slivers, and sediments of diverse composition and thickness (Be-46

bout, 2007; Clift and Vannucchi, 2004; Underwood, 2007; Agard et al., 2018). Its bulk frictional47
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Role of along-strike variations in interface rheology on subduction dynamics 3

and viscous properties depend on the relative abundances and spatial distributions of different rock48

types (e.g., Behr and Platt, 2013; Tokle et al., 2023; Zhang et al., 2006; Abila et al., 2024; Ioannidi49

et al., 2021; Stoner et al., 2025), and on weakening processes such as elevated pore fluid pressures50

(e.g., Underwood, 2007; Saffer and Tobin, 2011; Sun et al., 2020), shear heating (Peacock, 1996),51

and/or grain size reduction (Riedel and Karato, 1997; Ruh et al., 2024; Fisher and Hirth, 2024). In-52

terface rheology thus varies dramatically with depth (e.g., due to dehydration reactions and phase53

transitions with increasing pressure and temperature) and along strike (e.g., owing to variable sed-54

iment supply or the subduction of dominantly mafic volcanic features such as ridges or plateaus).55

Since interface rheology controls shear stress along the subduction interface, it strongly influences56

convergence velocity and deformation in the overriding plate. While 2D modelling studies have57

investigated the effect of interface rheology (e.g., Erdős et al., 2021; Behr et al., 2022), and nu-58

merous 3D effects have been modeled (e.g., Schellart et al., 2007; Capitanio et al., 2011; Cerpa59

et al., 2021), no study has explicitly explored the influence of spatially variable interface strengths60

in dynamically evolving 3D subduction models.61

Sediments, in particular, strongly affect interface viscosity and shear stress due to their inher-62

ent rheologic weakness relative to mafic oceanic crust (Lamb and Davis, 2003; Behr and Becker,63

2018; Tokle et al., 2023; Zhang and Green, 2007). This weakness arises from both their miner-64

alogical composition— dominated by relatively weak quartz and phyllosilicates compared to the65

stronger minerals that compose mafic rocks— and their ability to promote high pore fluid pres-66

sures and the formation of metasomatic weak zones during compaction and dehydration (e.g.,67

Hirauchi et al., 2016; Bebout and Barton, 2002). Although the range of permissible shear stresses68

for subduction is thought to be relatively narrow (e.g., Lamb and Davis, 2003; Lamb, 2006; Duarte69

et al., 2015; Schellart, 2024; Abila et al., 2024), variations within this range due to sediment effects70

can nonetheless have significant impacts on plate dynamics (Behr et al., 2022; Pusok et al., 2022;71

Abila et al., 2024; Brizzi et al., 2021). For example, changes in convergence velocity driven by72

sediment subduction have been proposed at both the regional (e.g., India-Eurasia collision, Behr73

and Becker, 2018) and global scales (Sobolev and Brown, 2019).74

An additional consequence of sediment-induced weakening is its effect on stress transfer to75
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4 Derek Neuharth, Whitney Behr, Adam Holt

the overriding plate from the slab. The degree of stress transmitted— and hence the extent and76

type of overriding plate deformation— is closely linked to the shear stress along the interface,77

with higher interface shear stresses typically correlating with greater compressional stresses (e.g.,78

Lamb, 2006; Dielforder et al., 2020). In systems where sediment input reduces the interface vis-79

cosity, the associated drop in shear stress is likely to lead to diminished stress transfer, and in80

turn, less compressional deformation of the overriding plate. This effect can be large enough to81

promote back-arc extension (Erdős et al., 2021). Conversely, when the interface is dominated by82

a mafic composition with a viscosity on the order of, e.g., 1021 Pa·s, higher shear stresses can83

accumulate, leading to greater stress transfer into the overriding plate, and hence elevating over-84

riding plate compressional deformation (e.g., Lamb and Davis, 2003) or potentially even stalling85

subduction (Behr et al., 2022). While a multitude of factors impact the overriding plate deforma-86

tion (e.g., plateau subduction, Liu et al. 2010; trench curvature, Cerpa et al. 2021; or plate ages,87

Capitanio et al. 2011), natural examples such as the Andes and Lesser Antilles also highlight how88

along-strike variations in sediment input and effective interface properties may lead to localized89

differences in overriding plate topography and compressional stress state. For instance, in the An-90

des, in conjunction with an extensive trench length (e.g., Schellart, 2024) and along-strike changes91

in plate thicknesses (Capitanio et al., 2011), decreases in sediment supply along the Bolivian Al-92

tiplano region relative to regions along-strike has been suggested to produce localized regions of93

high interface shear stress that contribute to uplift (Lamb and Davis, 2003; Hu et al., 2021). Along94

the Lesser Antilles subduction zone, the northern and southern segments have undergone different95

tectonic evolutions since the Eocene (e.g., Cerpa et al., 2021; Philippon et al., 2020; Montheil96

et al., 2023) that may also relate to variations in subducted sediment. During the Eocene, the de-97

velopment of a southward-thickening accretionary wedge (Bangs et al., 2003) coincided with a98

transition from compression in the north to extension in the southern Grenada Basin (e.g., Cerpa99

et al., 2021). This phase was subsequently followed by northern extension during the Oligocene100

(Cerpa et al., 2021). While these cases assume variation in sediment within the subduction chan-101

nel along-strike, we acknowledge that the ratio of sediment accumulation within an accretionary102

wedge compared to the input into the interface is not straightforward (e.g., Lallemand et al., 2024).103
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Role of along-strike variations in interface rheology on subduction dynamics 5

Regardless, such natural examples highlight the need for modeling approaches that can incorporate104

along-strike variations in interface rheology as a proxy for varying sediment input.105

To systematically explore these effects, we employ fully-dynamic 3D subduction models to106

investigate how along-strike changes in interface rheology affect subduction zone dynamics. Our107

models use a constant viscosity interface that is varied from 1019 Pa·s, representing a weak sediment-108

rich interface, to 1020 Pa·s or 1021 Pa·s, representing variably mafic interfaces. We examine how109

along-strike changes in interface viscosity, the spatial arrangement of weak versus strong regions,110

and the length of the overriding plate influence convergence velocity, trench location, overriding111

plate topography and stress regime.112

2 METHODS113

2.1 Governing equations114

We use the finite-element code Advanced Solver for Problems in Earth’s ConvecTion (ASPECT,115

version 2.5.0-pre; Heister et al., 2017; Kronbichler et al., 2012; Rose et al., 2017; Bangerth et al.,116

2019) to simulate 3D and time-dependent subduction in the presence of along-strike variations in117

interface strength. ASPECT solves the following conservation equations assuming the Boussinesq118

approximation with no inertial term or internal heating.119

−∇ · (2η · ε̇) +∇P = ρg (1)

∇ · (u) = 0 (2)

ρ · Cp

(
∂T

∂t
+ u · ∇T

)
−∇ · k∇T = 0 (3)

∂ci
∂t

+ u · ∇ci = 0 (4)

Equation 1 is the conservation of momentum, with the effective viscosity, η, the deviator of the120

strain rate tensor, ε̇ (defined as 1
2
(∇u +∇uT ), the velocity, u, the pressure, P , the density, ρ, and121

gravity, g. Equation 2 describes the conservation of mass in an incompressible system. Equation122

3 represents the conservation of energy with the specific heat capacity, Cp, the temperature, T . and123
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6 Derek Neuharth, Whitney Behr, Adam Holt

Figure 1. Model setup for case with along-strike variation in interface viscosity. A) shows the surface

overlying a slice taken from F to F’, colored by viscosity and composition. B) and C) show strength and

temperature profiles of the subducting and overriding plate, respectively.

the thermal conductivity, k. Finally, we solve the advection equation 4 for each compositional124

field ci.125

2.2 Rheology126

The models have a viscoplastic rheology (Glerum et al., 2018) that includes viscous and plastic127

deformation without strain weakening. We use solely dislocation creep for the wet quartzite upper128

crust of the overriding, continental plate (Tokle et al., 2019). All other compositions including the129

background material, slab, and oceanic crust deform based on a composite olivine flow-law with130
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Role of along-strike variations in interface rheology on subduction dynamics 7

dislocation and diffusion creep (Hirth and Kohlstedt, 2003). Both diffusion and dislocation creep131

flow laws are given as:132

ηdiff |disl =
1

2
A

− 1
n

diff |disld
mε̇

1−n
n

e exp(
Ediff |disl + PVdiff |disl

nRT
) (5)

with the scalar prefactor, A, the grain size, d, the second invariant of the deviatoric strain rate,133

ε̇e, the activation energy, E, the pressure, P , the activation volume, V , the gas constant, R, the134

temperature, T , and the stress exponent, n. For diffusion creep, n = 1 and there is no strain rate135

dependence. For dislocation creep, the grain size exponent, m, is 0 and so it is independent of136

grain size. Values for A, E, V , and n used in our models are composition-dependent and based on137

experiments (supplementary Table S1). The scalar prefactor for background material is set to give138

ηdiff = ηdisl = 4·1020 Pa·s at a depth of 330 km and a transition strain rate of 5·10−15s−1 (cf. Billen139

and Hirth, 2005). The effective viscosity is computed as a harmonic average of the dislocation and140

diffusion creep viscosity above the 660-km transition. We set the lower mantle to deform solely141

via diffusion creep (Karato and Wu, 1993).142

For plastic parameters we use the Drucker-Prager yield criterion (Davis and Selvadurai, 2002)143

with a friction angle of 5° and cohesion of 10 MPa within all compositions. These values were144

chosen to approximate the yield stresses associated with the Byerlee Law implementation in Behr145

et al. (2022) for comparability. The Drucker-Prager yield stress is then computed as:146

σy =
6Ccosϕ√
3(3− sinϕ)

+
6Psinϕ√
3(3− sinϕ)

(6)

where C is the cohesion and ϕ the internal angle of friction. The effective viscosity is determined147

by whether viscous stresses exceed plastic stresses; where this occurs, viscosity is determined by148

the following equation.149

ηeff =
σy

2ε̇e
(7)
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8 Derek Neuharth, Whitney Behr, Adam Holt

Alternatively, in regions where viscous stress are below the plastic yield stress, the effective150

viscosity is a harmonic average of the dislocation and diffusion creep viscosities:151

ηeff =
ηdiff ∗ ηdisl
ηdiff + ηdisl

(8)

2.3 Model setup152

We designed thermo-mechanical subduction models using ASPECT that are similar to recent 2-D153

(Holt and Condit, 2021; Behr et al., 2022) and 3-D models (Turino and Holt, 2024). Here, we154

adopt the 3-D approach. We use a box geometry with dimensions of 4480 (X), 3520 (Y), and 1280155

km (Z; Fig. 1). The top and bottom boundaries are set to fixed temperatures of 273 and 1573 K,156

respectively. All the side boundaries are set as insulating. All mechanical boundaries are free-slip,157

except at the model surface, which is implemented as a free surface with an additional diffusion158

component (1.6 m2/yr) for mesh stability (e.g., Pons et al., 2022; Grima and Becker, 2024).159

2.3.1 Model initial conditions160

The model contains distinct overriding and subducting plates, as defined by half-space cooling161

thermal profiles corresponding to ages of 55 Myr and 80 Myr, respectively (thermal diffusivity162

of 10−6 m2/s). The uppermost 30 km of the overriding plate represents the upper crust and is163

compositional buoyant with a reduced reference density (3000 kg/m3 relative to 3300 kg/m3 for164

the background/mantle material). On the subducting plate, the top 12 km represents the interface,165

parameterized as a generic viscous crustal/metasedimentary layer that is slightly composition-166

ally buoyant (3175 kg/m3) and set to a constant viscosity (1020 Pa·s) until a depth of ∼175 km,167

where it transitions into background material (e.g., Behr et al., 2022). The chosen interface density168

lies between typical values for compacted sediments (2700–2800 kg/m3) and HP–UHP metasedi-169

mentary rocks (3100–3400 kg/m3; e.g., Massonne et al., 2007), and thus implicitly averages over170

the moderate densification expected as subducted sediments undergo progressive metamorphism,171

which we do not model explicitly.172

Initially, the edges of both the overriding and subducting plates are 1000 km from the model173
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Role of along-strike variations in interface rheology on subduction dynamics 9

sidewall boundaries, allowing toroidal flow around the sides of the slab (Fig. 1; e.g., Dvorkin et al.,174

1993; Funiciello et al., 2003; Kincaid and Griffiths, 2003; Stegman et al., 2010). At the surface, the175

plates are 1520 km wide along-strike and 1050 and 1420 km in across-strike length for the OP and176

slab, respectively. At the start of the model, subduction is initiated by allowing an initial portion of177

the slab, or proto-slab, to extend to a depth of 200 km with a 245 km radius of curvature. Between178

x = 1500 and 1000 km, the 80 Ma subducting plate thins to zero age to represent a mid-ocean ridge.179

On all sides, surrounding the plates is a 50 km (in depth and width) weak zone differentiated by180

a reduced friction angle and cohesion (4° and 5 MPa, respectively). This setup facilitates self-181

consistent subduction initiation due to the negative buoyancy of the proto-slab and the decoupling182

of the subducting plate from the surround thermal boundary layer by the weak trailing edge (ridge)183

and sides (weak zones). At a depth of 660-km, we impose a 10x increase in the diffusion creep184

viscosity in order to represent the transition into the lower mantle; however, due to the lack of185

dislocation creep in the lower mantle, the effective viscosity increase can range from ∼10-50x,186

broadly inline with geoid constraints (e.g., Hager, 1984). In models with along-strike variations in187

interface strength, the weak vs. strong compositions linearly transition from one to another over188

50 km along-strike. Larger transition lengths of 150 and 450 km were tested, however they did not189

significantly affect the results (supplementary Fig. S1).190

2.3.2 Model resolution and walltime191

Model resolution varies through time due to ASPECT’s adaptive mesh refinement (AMR) func-192

tionality and is set to be spatially and compositionally dependent. Our AMR settings result in a193

maximum resolution of 5 km that is confined to the interface at depths less than 175 km. The194

overriding plate has a fixed resolution of 10 km, and the slab resolution varies from 10 to 20 km.195

To resolve plate edges, a temperature isosurface of 1225-1335 K is fixed to a 10 km resolution.196

The remainder of the model can vary in resolution from 80 to 20 km. Models had ∼ 150 million197

degrees of freedom (∼ 1.4 millions cells) and were run on the ETH Euler cluster; on 512 cores198

(AMD EPYC 9654) and with ASPECT’s GMG solver (Clevenger and Heister, 2021), they had199

walltimes between 4 and 70 hours, depending on the interface viscosity.200
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10 Derek Neuharth, Whitney Behr, Adam Holt

2.4 Model analysis201

We ran 15 models to investigate the effects of along-strike changes in interface strength (Fig.202

2). Subduction interfaces can consist of multiple different rheologies from weak sediment (e.g.,203

Vrolijk, 1990; Tobin and Saffer, 2009) to strong mafic material, leading to a wide range of probable204

bulk viscosities (Behr and Becker, 2018). To account for this variation, we use constant viscosity205

interfaces of either 1019, 1020, or 1021 Pa·s. Our reference cases have homogeneous interfaces at206

these viscosities (section 3.1). These models are compared to cases where there is an along-strike207

split of the interface into a weak and a strong half (e.g., Fig. 1), which are similarly varied between208

viscosities of 1019 to 1021 Pa·s (section 3.2). Section 3.3 investigates the along-strike location209

of the interface change, with a stripe of weak or strong interface instead placed in the center of210

the subducting plate. Finally, in section 3.4, we change the trench-perpendicular length of the211

overriding plate to explore the effect of the overriding plate width-to-length aspect ratio.212

In analyzing the models, we focus on 6 model output parameters: 1) convergence velocity, 2)213

average interface stress, 3) overriding plate compressional forces, 4) area of overriding plate with214

a thrust faulting regime, 5) overriding plate rotation, and 6) along-strike differences in trench lo-215

cation. To analyze these parameters we extract and analyze 2D trench-perpendicular model slices216

up to 20 Myr of model time. As the location of the along-strike change in interface rheology may217

shift both between the model runs, slices are taken an along-strike distance of ∼250 km from the218

change to ensure consistent comparisons. Velocities are averaged over constant 15-km depth pro-219

files. Overriding plate forces, thrust faulting area, and interface stress are determined within the220

OP or interface, respectively, with the former two being integrated over the plate thickness and221

from the start of the overriding plate up to 500 km into it; this limit is set to avoid including values222

at the trailing edge of the plate that are not related to trench dynamics. In calculating the OP forces,223

we only include trench-perpendicular compressional forces greater than 1 MPa; overall, this anal-224

ysis method gives us a general idea of the net OP compressional force without constraining where225

deformation would be focused or whether other areas of the plate may be extensional (see supple-226

mentary text S1 for more details). The faulting regime is determined using a discontinuous stress227
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Role of along-strike variations in interface rheology on subduction dynamics 11

Figure 2. List of models by section to show the initial setup and what is varied, colored by the viscosity.

Models are visualized through a composition contour, showing only the slab interface and overriding plate

at the surface at 0.5 Myr. Models are given a letter by section. For A)-C), model name numbers are assigned

by the interface viscosity. For D), model numbers are assigned according to the overriding plate aspect ratio.

state based on the compressive principal stresses (Zoback, 1992), although we do not consider228

transitional or strike-slip regimes.229
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12 Derek Neuharth, Whitney Behr, Adam Holt

3 RESULTS230

3.1 Homogeneous models231

3.1.1 Reference homogeneous model evolution232

To investigate effects of along–strike changes in interface strength, we first ran three reference233

models with homogeneous interface viscosities of 1019, 1020, and 1021 Pa·s (models R19, R20,234

and R21). Here, we describe the evolution of model R20 using three trench-perpendicular slices235

(Fig. 3; supplementary video 1). The model evolution follows three distinct phases: 1) build up to236

peak convergence velocity (free-sinking phase), 2) decrease in velocity as the slab interacts with237

the 660-km mantle viscosity increase, and 3) post-660 km slab interaction (cf. Funiciello et al.,238

2003, 2006).239

During the first phase, the model has a low convergence velocity (∼3 cm/yr) that increases240

through time as more plate subducts and the slab lengthens (Fig. 3a). The overriding plate ex-241

periences its highest trenchward velocity at the start of the model run before gradually slowing242

(supplementary Fig. S2). Thrust faulting within the overriding plate is widespread during this243

stage, with an affected area of ∼9250 km2 along a 2D slice (Fig. 3d), predominantly focused near244

the plate boundary. As subduction continues, the convergence velocity reaches a maximum of 7.2245

cm/yr at ∼6 Myr. The average interface stress (Fig. 3b) and compressional force (Fig. 3c) within246

the overriding plate increase in tandem but reach their peak values (26 MPa and 3.2 TN/m, respec-247

tively) slightly earlier, at ∼5.5 Myr (Fig. 3g and 3j). Near this time, discrete thrust faults develop248

in the forearc basin of the overriding plate. By the end of this phase, the slab has reached ∼450249

km depth and exhibits a convex shape towards the mantle wedge side.250

At ∼6.5 Myr, the model enters its second phase, where convergence velocity, interface stress,251

and OP compressional forces begin to decline. While the area of thrust faulting remains large, it252

starts to decline at a faster rate. As the slab reaches the 660-km transition at ∼10 Myr (Fig. 3h253

and 3k), it undergoes further bending and begins to buckle near the transition to the lower mantle.254

Around this time, the overriding plate reaches a minimum velocity of ∼0.1 cm/yr, coinciding with255

a pronounced decline in the area of thrust faulting.256
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Role of along-strike variations in interface rheology on subduction dynamics 13

Figure 3. Evolution of the reference 1020 Pa·s model without along-strike variations. a)-e) show the time

evolution of multiple parameters at different slice locations. f)-i) show a 15-km depth contour colored by

composition (dark gray for slab and light gray for overriding plate) and the stress regime based on Zoback

(1992) (blue indicates normal faulting and red reverse faulting). Arrows represent velocity direction. j)-l)

show a 3D view of the slab and overriding plate colored by viscosity.

In the final phase, following the interaction with the 660-km viscosity transition, slab rollback257

occurs leading to renewed overriding plate motion and a largely extensional OP faulting regime.258

During this phase, all of the extracted parameters continue to decline, excluding the OP hori-259

zontal compressional forces, which remain relatively constant. We note that trench retreat occurs260

throughout the model run, and that the slab maintains a similar shape along-strike (Fig. 3l). Within261

the model, the radius of trench curvature reduces with trench retreat (cf. Schellart, 2010), reaching262

a minimum of ∼8400 km by 20 Myr.263

3.1.2 Homogeneous model comparisons264

Before investigating the impact of along-strike variations, we ran two models with constant but265

distinct interface viscosities of 1019 and 1021 Pa·s. These models demonstrate a systematic rela-266
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14 Derek Neuharth, Whitney Behr, Adam Holt

tionship between interface viscosity and convergence velocity similar to results from previous 2D267

models (cf. Behr et al., 2022). In the low viscosity 1019 Pa·s model (R19), the peak convergence268

velocity reaches ∼23.6 cm/yr, much greater than the ∼7.5 cm/yr within the 1020 Pa·s model (R20)269

previously described. The greater trench retreat in model R19 also leads to a lower radius of trench270

curvature (∼3300 km; e.g., Schellart, 2010). In the strongest interface viscosity model of 1021 Pa·s271

(R21), subduction nearly stalls, with a maximum velocity of only ∼0.5 cm/yr. Differences can also272

be seen in the total trench retreat after 20 Myr of evolution, which range from 620 km in R19 to273

75 and 30 km in R20 and R21, respectively.274

The maximum of the average OP compressional force is reduced in models R19 and R21 (1.1275

and 1.6 TN/m, respectively) relative to the that of R20 (∼3.2 TN/m). Similar to R20, model R19276

shows a local peak in the compressional force during the free-sinking phase when convergence277

velocities reach the maximum (∼1.1 TN/m). However, despite the overall greater convergence278

velocities in R19 compared to R20 and R21, compressional forces are generally low during the279

free-sinking phase when convergence velocities are high, and primarily increases late in the run280

when most of the initial slab has subducted and convergence velocities are low (supplementary281

Fig. S3). Model R21, likely due to the stalled subduction, has a consistently high value throughout282

the model run (∼1.5 TN/m).283

3.2 Varied interface strength along-strike284

To examine the impact of along-strike variations in interface strength, here we introduce models285

in which the interface viscosity is spatially heterogeneous. These models build upon the homoge-286

neous reference cases by incorporating lateral changes in interface viscosity, allowing us to assess287

how such variations modify convergence velocity, slab morphology, and overriding plate stress288

distribution. We begin by describing a reference heterogeneous interface model where the inter-289

face viscosity is set to 1020 Pa·s from y of 1000 to 1735 km, and 1019 Pa·s from 1785 to 2520 km290

(model M2019; Fig. 4). The transition between these two interface properties occurs over a 50 km291

region in the center of the model, where the composition linearly shifts from that of the strong to292

that of the weak material.293
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Role of along-strike variations in interface rheology on subduction dynamics 15

Figure 4. Evolution of the 1020 (bottom half) to 1019 (top half) Pa·s model without along-strike variations.

a)-e) show the time evolution of multiple parameters at different slice locations. f)-i) show a 15-km depth

contour colored by composition (dark gray for slab and light gray for overriding plate) and the stress regime

based on Zoback (1992) (blue indicates normal faulting and red reverse faulting). Arrows represent velocity

direction. j)-l) show a 3D view of the slab and overriding plate colored by viscosity.

3.2.1 Reference varied model evolution294

Similar to the reference model without interface strength variations (R20), model M2019 follows295

three phases: 1) build up to peak velocity, 2) decrease in velocity as the slab reaches the 660-km296

transition, and 3) post-660 km slab interaction (supplementary video 2). To illustrate the effects of297

along-strike variations, we analyze slices taken at 250 km to either side of the viscosity transition,298

allowing for a direct comparison between strong and weak interface segments.299

Phase 1: The initial increase in convergence velocity follows that of the homogeneous refer-300

ence models but exhibits pronounced along-strike differences. On the weak interface side, con-301

vergence accelerates rapidly, peaking at 13.4 cm/yr by 2.3 Myr (Fig. 4a). In contrast, the strong302

interface segment reaches a lower peak velocity of 10.9 cm/yr at 3 Myr. These changes in velocity303
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16 Derek Neuharth, Whitney Behr, Adam Holt

can partially be attributed to differences in OP velocity (supplementary Fig. S4), which in these304

models is broadly equivalent to the trench retreat rate (due to relatively limited OP deformation).305

This differential trench retreat rate induces a counter-clockwise rotation of the overriding plate and306

results in a lateral variation in trench position (Fig. 4e). The stress distribution reflects this contrast,307

with the weak interface section associated with both lower interface stress and lower overriding308

plate compressional force (Fig. 4b and 4c), while the strong side shows an increase in both proper-309

ties. By 2.5 Myr, the strong interface segment reaches a peak interface stress of ∼32 MPa and an310

OP force of ∼5.9 TN/m. This coincides with high variability in the distribution of thrust faulting311

along-strike, with the strong interface slice showing a thrust faulting regime that extends much312

farther into the OP (∼17400 km2, Fig. 4d and 4g). During this period of elevated compression,313

discrete plastic shear zones, mimicking faults, develop near the front of the plate (Fig. 4j). During314

Phase 1, the radius of trench curvature decreases in both segments, with the strong segment de-315

veloping a smaller radius. By the end of this phase, there is a ∼65 km along-strike difference in316

trench position between the two slices, which can be attributed to the OP rotation associated with317

differential trench retreat rates and overriding plate shortening (Fig. 4g).318

Phase 2: At ∼2.5 Myr, the slab segment with the weak interface reaches ∼460 km depth,319

and the convergence velocity begins to decline. However, the velocity along the strong interface320

segment continues to increase, peaking slightly later before also beginning to decrease. As velocity321

decreases, interface stress, the OP force, and the area of thrust faulting begin to subside. By ∼5322

Myr, the slab on the weak interface side reaches the 660 km transition and anchors into the stronger323

lower mantle. This initiates elevated slab rollback on the weak interface side and an associated324

shift towards an extensional OP. Along the strong interface, the slab has not yet reached 660325

km, overriding plate speeds are low, and there is a small peak of thrust faulting in the OP (Fig.326

4d). At ∼7.8 Myr (Fig. 4h and 4k), the rest of the slab, in the strong segment, anchors into the327

lower mantle, coinciding with the minimum OP force on that side of the subduction zone. By328

this time, because of the difference in trench retreat rate along-strike and slab anchoring on the329

weak interface side, there is an along-strike variation in slab dip, with the strong interface side330
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Role of along-strike variations in interface rheology on subduction dynamics 17

exhibiting a steeper dip (∼53°) that reduces towards the weak interface (∼41°). Throughout Phase331

2, the radius of trench curvature continues to decline for both segments.332

Phase 3: By 8 Myr, extensional stresses develop along the entirety of the OP, and although the333

compressional forces in the X direction rise, due to stress orientations the area of thrust faulting334

reduces to less than ∼100 km2 by 13 Myr (Fig. 4d). The convergence velocities and average in-335

terface stress are near-constant during this phase, and the along-strike change in trench location336

continues to increase due to continued differential trench retreat rates. By the end of the model337

run, the weak interface side has retreated 190 km more than at the strong interface and exhibits338

a 6° shallower dip, leading to a highly variable slab shape along-strike (Fig. 4l). The radius of339

trench curvature continues to decrease in both segments until 13.5 Myr, at which point the strong340

segment reaches a minimum of ∼1550 km, compared to ∼1950 km along the weak segment. Dur-341

ing subsequent slab rollback, the radius in the strong segment begins to increase as the curvature342

evolves under the influence of trench retreat rather than OP compression (cf. Schellart, 2010). By343

the end of the model, the strong and weak segments reach radii of approximately ∼1650 km and344

∼1250 km, respectively (radius of trench curvature values for all remaining models are provided345

in Supplementary Table S2).346

3.2.2 Comparison of models with variable segment viscosities347

To further investigate the influence of along-strike viscosity changes, we ran two additional models348

with weak segment viscosities of 1019 and 1020 Pa·s, and a strong segment viscosity of 1021 Pa·s349

(models M1921 and M2021, respectively). We discuss the models by comparing each segment to350

its respective homogeneous reference case, as well as assessing the overall along-strike variability.351

The first order model evolution of M1921 and M2021 are similar to model M2019. On the352

weak interface side, both convergence velocities and overriding plate compressional forces are353

lower than in their corresponding reference homogeneous model (Fig. 5 and Fig. 6). Compared to354

the stronger side, the weak subduction segments have both higher subduction velocities and greater355

trench retreat rates, which results in a change in the trench location along-strike and hence rotation356

of the overriding plate. On the strong interface side, all models show increased OP compressional357
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18 Derek Neuharth, Whitney Behr, Adam Holt

forces and convergence velocities relative to their reference homogeneous models (Fig. 5d and358

5e; Fig. 6). Notably, while the reference 1021 Pa·s model (homogeneous plate interface) experi-359

ences stalled subduction (cf. Behr et al., 2022), pairing it with a lower-viscosity segment allows360

subduction to proceed at low velocities while maintaining elevated overriding plate compressional361

forces.362

The differences between models primarily depend on the magnitude of the viscosity contrast363

along-strike. While lower along-strike averages of viscosity result in higher convergence velocities364

overall, the OP compressional forces are sensitive to both the viscosity of the strong segment and365

the viscosity ratio between segments. For example, in two models with a 10x viscosity increase366

along-srike (M2019 and M2021), the strong segment of model M2019 (1020 Pas) shows higher367

convergence rates but lower average compressional forces than the strong segment of M2021368

(1021 Pas, 4.6 vs. 3.3, Fig. 5e), suggesting the importance of the viscosity magnitude. Although369

both models reach a similar peak compressional force (∼5.6 TN/m), the slab within M2021 takes370

longer to reach the 660-km viscosity jump (7.8 Myr in M2019 vs. >20 Myr in M2021), leading371

to an extended phase of high OP compression. This effect is even more pronounced in model372

M1921 where the increased viscosity contrast (20x) relative to M2021 (10x) results in the highest373

compressional stresses. In this case, the strong interface side in M1921 exhibits both higher aver-374

age convergence velocities (∼1.5 cm/yr) and greater OP force (∼9.1 TN/m) compared to M2021375

(∼1 cm/yr and 4.6 TN/m), indicating that convergence velocity also controls the OP force even376

if the strong interface viscosity remains constant. These factors collectively contribute to along-377

strike changes in trench location with strong interfaces associated with trench advance and weak378

trenches with trench retreat, either through increased overriding plate rotation due to differential379

trench velocity, or through variations in compressional deformation. We also examined the influ-380

ence of the amount of weak interface along-strike, which showed that a higher proportion of weak381

interface further elevated the velocities in the strong segment, but the effect was less pronounced382

than those explored here (supplementary Fig. S5, text S2).383
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Role of along-strike variations in interface rheology on subduction dynamics 19

Figure 5. Comparison between models with different interface viscosities along-strike. Symbols indicate

whether the model is a slice from the strong or weak interface. Color indicates the model. a)-c) show the time

evolution of two models compared to the reference model (black), with both lines indicating the 1020 Pa·s

model side. d)-e) show the same values time-averaged and scaled to the reference model, and additionally

show values corresponding to the 1019 and 1021 Pa·s sides of the models. g) Indicates the difference in

trench location for each model along-strike, where the interface ratio refers to the difference in viscosity

from the interface at low Y-values to that at high Y-values (e.g., model M2019 from figure 4 has an interface

ratio of 101 because it has a 1020 Pa·s interface at lower Y-values and a 1019 Pa·s interface at high Y-values)

and where a positive value indicates the trench at the front model side is advanced relative to the back.

3.3 Central interface models384

While in our previous models we explored a single viscosity contrast along-strike, the relative385

location of strong vs. weak interface segments may also influence model evolution. To investigate386

this, we ran four additional models where we split the downgoing plate into thirds, varying the387
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20 Derek Neuharth, Whitney Behr, Adam Holt

Figure 6. Model slice snapshots of the overriding plates deviatoric stress in X showing the 500 km used

in determining the integrated compressive force and area of thrust faulting. Colored boxes indicate the

model with respect to Fig. 4. Positive Sxx represents compressive stresses and negative extensive stresses.

The black contour shows the region of thrust faulting. Snapshots are taken at the time of max convergence

velocity for each slice.

viscosity of the central segment of the interface relative to the outer two segments (model C1920,388

C1921, C2021, C2019). These models (Fig. 7) are compared to the models from section 3.2 (Fig.389

5).390

Similar to the models in section 3.2, the central interface models show increased OP forces391

at strong interface regions and variations in trench position along-strike. The margin geometry392

appears to take one of two characteristic shapes: 1) a concave profile with an advanced central393

region when the central interface is strong (Fig. 7e), or 2) a convex profile with a retreated cen-394

tral trench when the central interface is weak. A notable difference between these models and395
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Role of along-strike variations in interface rheology on subduction dynamics 21

those in Section 3.2 is less variation in the convergence velocity along-strike. For example, model396

M2019 exhibits an average along-strike convergence velocity difference between the strong and397

weak slices of ∼1.2 cm/yr, whereas C2019 exhibits smaller variation of only 0.2 cm/yr (Fig. 7a).398

Compared to the models in section 3.2, these central models are pinned on either side of the central399

segment resulting in less OP rotation (Fig. 7b, supplementary video 3) and a greater increase in400

OP compressional force (Fig. 7c) within the strong interface section. Overall, this results in less401

pronounced changes in trench location (e.g., 365 and 270 km for M1921 and C1921, respectively).402

3.4 Overriding plate aspect ratio403

In the previous models, we used a 0.7 aspect ratio of the overriding plate (strike-perpendicular404

length to along-strike width); however, this ratio is likely to also play a role in overriding plate405

dynamics due to its impact on the net mantle shear forces, which scale with plate size, acting at406

the base of the overriding plate. To explore this, we ran three models with an altered geometrical407

setup, where the model is 4480 x 2400 km in X and Y, with 750 km gaps around the edges of 900408

km wide subducting and overriding plates. The trench-perpendicular length of the overriding plate409

was varied between 450, 900, and 1800 km, corresponding to aspect ratios of 0.5, 1, and 2 (models410

A05, A1, and A2). These models have an interface viscosity change in the model center from 1020411

to 1019 Pa·s, as in model M2019.412

Increasing the overriding plate length and aspect ratio affects the models in several ways. A413

larger aspect ratio reduces overriding plate rotation (Fig. 8a), approaching no rotation at an aspect414

ratio of 2. Unlike the models in Section 3.3, the reduction in rotation is accompanied by a reduction415

in overriding plate compressional force within the strong interface section, from 1.6 TN/m with416

an aspect ratio of 0.5 to 1.3 TN/m at a ratio of 2 (Fig. 8b). Interestingly, the average convergence417

velocities on the strong interface side remain relatively unchanged across aspect ratios, with values418

of 3.6, 3.5, and 3.7 cm/yr for A05, A1, and A2, respectively. However, due to variation in the net419

basal shear force on the OP, the partitioning between subduction velocity and OP velocity changes420

(cf. Holt and Becker, 2016): as the aspect ratio increases, subduction velocity increases while OP421

velocity decreases. This occurs because, for larger OPs, subduction via trench retreat becomes422
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22 Derek Neuharth, Whitney Behr, Adam Holt

Figure 7. Comparison between models where the change in interface is placed in the center of the model.

Symbols indicate whether it is a center model (colored diamond), or a varied model from section 3.2 (black

circles). Shape fill is used to better see overlapping symbols. a)-d) Parameters against the along-strike inter-

face viscosity ratio, shown as front to back slice. a) Differential convergence velocity along-strike. b) Total

overriding plate rotation by model end. c) Average compressive force in overriding plate. d) Difference in

trench location along-strike. Model M2019 is shown twice, with the hollow circle showing the back to front

slice. d) Indicates the difference in trench location for each model along-strike where a positive value indi-

cates the trench at the front model side is advanced relative to the back. e)-g) Show snapshots of a single

model evolution, see Fig. 2 for explanation.

more difficult (due to increased basal shear resistance associated with OP motion). Compared to423

model M2019, all the models here exhibit lower OP compressional forces, and reduced conver-424

gence velocity on the strong interface (4.8 cm/yr for M2019). As OP rotation and compressional425

forces decrease with increasing aspect ratio, along-strike trench position variations also become426

less pronounced. The difference in the trench X-location along-strike between the two slices re-427
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Role of along-strike variations in interface rheology on subduction dynamics 23

Figure 8. Comparison between models where the length to width aspect ratio of the overriding plate is

varied. Color indicates the model, with the black circle representing M2019 from section 3.2. a)-c) Show

the a) total overriding plate rotation, b) time-averaged compressive OP force, c) total trench difference

between the front and back slice against the aspect overriding plate ratio.

duces from 188 km to 58 km at aspect ratios of 0.5 and 2, respectively (Fig. 8c). This suggests that428

multiple factors influence trench location, including shortening and the relative balance between429

overriding and subducting plate basal tractions (and hence velocities). The latter of which affects430

OP rotation and depends on not only interface strength but also relative plate sizes.431
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4 DISCUSSION432

4.1 Effects of along-strike variations and extrapolation from 2D to 3D433

The viscosity of the interface can span 2-3 orders of magnitude depending on the distribution of434

rock types (e.g., Behr and Becker, 2018; Abila et al., 2024), which itself can vary substantially435

along-strike (e.g., Lamb and Davis, 2003; Kelemen et al., 2003; MacKay and Moore, 1990). Sev-436

eral 2D numerical modeling studies have shown that interface strength strongly influences subduc-437

tion dynamics: weak interfaces promote slab rollback, increase convergence velocity, and reduce438

slab dip which can inhibit slab penetration through the 660-km phase transition (e.g., Conrad and439

Hager, 1999; Čı́žková and Bina, 2013, 2019; Behr et al., 2022).440

To compare to these results from two-dimensional models, we first examine our homogeneous441

interface strength (R19, R20, R21) models. Our 3D model results are consistent with the 2D stud-442

ies: at low interface viscosity (1019 Pa·s), convergence rates approach ∼24 cm/yr (R19), while at443

high viscosity (1021 Pa·s), subduction almost stalls with velocities below ∼ 0.5 cm/yr (R21), in444

line with the 2D values reported by Behr et al. (2022). We also observe trends in slab geome-445

try that are consistent with earlier work: higher interface strength produces steeper slabs (62◦ vs.446

71◦ in R19 and R20, respectively; Čı́žková and Bina, 2013; Behr et al., 2022) and reduced trench447

retreat/rollback distances within a 20 Myr time interval (620 vs. 70 km in R19 and R20).448

When along-strike variations in interface strength are introduced, their effects on convergence449

rate, slab dip, and rollback interact spatially, leading to more complex subduction dynamics. Our450

models show that these variations affect both local and plate-scale convergence rates. For ex-451

ample, the homogeneous reference model R20 exhibits a peak convergence rate of 7.5 cm/yr.452

When paired with a weak interface (M2019), the 1020 Pa·s segment velocities increase to 10.9453

cm/yr. Conversely, coupling the same 1020 Pa·s interface with a stronger rheology (M2021) re-454

duces convergence velocities to 2.1 cm/yr (Fig. 5a). This behavior is particularly interesting in455

configurations where a very strong interface— such as model R21, which stalls at 0.5 cm/yr when456

homogeneous— is instead partially accelerated by an adjacent weak interface segment. In the457

axial-symmetric model shown in Figure 7, the weak interface segments cause the entire subduction458
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zone to subduct faster relative to the homogeneous R21 model (up to 2.9 cm/yr in model C1921),459

with only minor variations in convergence velocity along-strike (approximately 0.3 cm/yr). In non460

axial-symmetric models (e.g., Fig., 4), the slab on the weak interface side subducts faster and pen-461

etrates deeper into the mantle. This forms a slab step that increases slab pull along-strike (e.g.,462

Zuhair et al., 2022), and causes the strong interface to subduct faster (up to 2.6 cm/yr in model463

M1921) than the 0.5 cm/yr convergence rates in the homogeneous R21 case. Faster subduction464

along the weak interface segment leads to earlier anchoring in the 660-km transition zone, trig-465

gering rollback within that section and altering the trench orientation. This along-strike variation466

in slab behavior driven by differences in dip, rollback rate, convergence velocity, and compres-467

sional forces produces complex slab and trench geometries (e.g., Fig. 4l), with strong interface468

segments exhibiting trench advance relative to weaker ones. These results highlight how along-469

strike variations in interface rheology can influence subduction dynamics well beyond their local470

region.471

4.2 Interface stress and overriding plate deformation472

Overriding plate deformation along subduction margins is primarily driven by 1) normal stresses473

related to trench motion (e.g., Nakakuki and Mura, 2013; Holt et al., 2015), 2) basal drag (Capi-474

tanio et al., 2010; Schellart and Moresi, 2013; Nakakuki and Mura, 2013), and 3) interface shear475

stress (Lamb and Davis, 2003; Behr et al., 2022; Hu et al., 2021). While all are present in our mod-476

els, we focus here on the interface shear stress, and specifically the second invariant of deviatoric477

stress along the interface (as a proxy for interface shear stress which is the main stress component478

within these models, as shown in supplementary Fig. S6), and how it scales with convergence ve-479

locity, interface viscosity and overriding plate deformation regime. In nature, the range of interface480

shear stresses is not well known and appears to vary over an order of magnitude, depending on both481

geologic setting and the method or timescale associated with the estimation (e.g., force-balance,482

Zhong and Gurnis 1994; paleopiezometry, Behr and Platt 2013; heat flow constraints, England483

2018). While some studies suggest that low long-term viscous interface shear stresses (e.g., less484

than 35 MPa) are most consistent with global subduction behavior (e.g., Duarte et al., 2015), oth-485
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ers propose that higher values are viable, especially in systems with significant topographic loads486

(e.g., Lamb and Davis, 2003; Lamb, 2006).487

Previous geodynamic subduction modelling has shown that strong interface viscosities can488

lead to high shear stresses that stall subduction (e.g., Behr et al., 2022). This is consistent with our489

homogeneous interface models; for example, model R21 exhibits an average interface shear stress490

of 14.6 MPa and undergoes subduction stalling. However, in models that incorporate along-strike491

variations in interface strength, we observe significantly higher interface stresses than in homo-492

geneous models for equivalent interface strengths, yet subduction still proceeds. This is because,493

as discussed in Section 4.1, pairing a strong interface segment with a weak segment increases the494

velocity of the strong side relative to the homogeneous reference case, due to increased slab pull495

sourced from the deeper, adjacent slab with a weaker interface. This velocity increase results in496

elevated interface stresses (supplementary Fig. S7), with the magnitude of stress controlled by497

both the viscosity of the strong segment and the viscosity contrast along strike. For instance, inter-498

faces with 1021 Pa·s viscosity on the strong side exhibit the highest average interface stresses (e.g.,499

C2021; up to 43 MPa compared to a maximum of 26 MPa seen in homogeneous models), and500

larger viscosity contrasts along strike further amplify these stresses (e.g., C1921; up to 56 MPa).501

Because 2D and homogeneous 3D models cannot capture this interaction, they likely underesti-502

mate the range of viable shear stress conditions under natural subduction scenarios. These results503

suggest that the viscosity of the strong segment controls the baseline stress, while the along-strike504

viscosity contrast controls how much that stress is amplified, with larger contrasts causing greater505

velocity increases in the strong segment (e.g., supplementary Fig. S7).506

To assess the realism of our modeled stresses and velocities, we compare them with natural507

subduction zone observations. A global compilation by Schellart and Rawlinson (2013) shows508

that 86% of subduction segments converge between 2 and 12 cm/yr, a range Duarte et al. (2015)509

linked to a maximum interface shear stress of ∼35 MPa based on analog modelling. This suggests510

sustained subduction requires low interface strength, which these authors suggested could be due511

to fluids and consistently weak materials at the interface. Our models align fairly well with the512

convergence velocity constraints. Prior to slab anchoring (first 700 km of subduction), 70% of513
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Figure 9. Histograms showing the maximum (orange) and time averaged (blue) values for the a) conver-

gence velocity and b) interface shear stresses. Shaded red regions show the range for the time-averaged

models with along-strike variations, and shaded grey shows the range for homogeneous models.

our 23 modeled segments fall within the 2–12 cm/yr range. While slightly lower than natural514

estimates, this includes 22% of segments with a high interface viscosity (1021 Pas) that would515

cause stalled subduction in homogeneous models. Across our suite, homogeneous models show516

a broad velocity range (0.3–16 cm/yr time-averaged, 0.5-23.6 cm/yr maximums), but the models517

with along-strike variations more closely mirror nature (1–9.6 cm/yr time-averaged, 1.1 to 14.4518

cm/yr maximums). These variable models simultaneously yield a wider range of interface stresses,519

with time-averaged values that span 2–44 MPa (58 MPa maximum) compared to 7–19 MPa (23520

MPa maximum) in homogeneous models. While only 17% (4 segments) of segments exceed the521

empirical 35 MPa stress threshold at some point during the model run, three of these maintain522

convergence rates above 2 cm/yr, indicating that higher interface stresses are viable under certain523

geometries. Notably, 43% of segments exceed 30 MPa, even with moderate viscosities (1020 Pas).524

These findings show that along-strike variability not only narrows velocity distributions to a more525

realistic range but also allows a broader range of interface stresses, challenging the assumption526

that velocity alone can be used to constrain interface strength.527
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4.2.1 Deformation and topography528

High interface shear stresses play a key role in transmitting stress from the negatively buoyant slab529

and into the overriding plate (OP) (e.g., Lamb, 2006), promoting subduction margin deformation.530

Figure 10 illustrates a clear relationship between OP compressional force, extracted before slab531

anchoring, and interface stress, showing an exponential increase in OP force with rising interface532

stress. As discussed in Section 4.2, homogeneous models yield a relatively narrow range of inter-533

face stress, whereas introducing along-strike strength variations significantly expands the range of534

interface stresses leading to a larger range of compressional forces (0.1 to 15.2 TN/m; Fig. 10).535

In addition to interface shear stresses, the exponential relationship observed in Fig. 10 may536

also result from variations in the normal stresses, as potentially influenced by geometric factors537

such as slab dip. Slab dip affects the connection between interface and OP stress states: a steeper538

dip can increase interface normal stresses while reducing shear stresses. However, we note that539

in our models, high shear stresses persist even at the largest slab dips (e.g., in model C1921,540

shear and normal interface stresses reach up to 95 and 28 MPa in the strong central segment,541

respectively, at the time of maximum OP compression). Force balance analysis further suggests542

that larger slab dips at strong interfaces enhance both the normal component of interface stresses543

and the horizontal normal stresses transmitted to the overriding plate (Lamb, 2006). When OP544

forces are normalized by slab dip, the relationship becomes approximately linear (Supplementary545

Text S3 and Fig. S8), implying that slab dip variations contribute to the elevated OP compression546

observed at high interface strengths during the free-sinking phase. Strong interfaces also reduce547

trench retreat (Behr et al., 2022), and in some cases, promote a transition to trench advance, further548

enhancing compressional deformation in the overriding plate (Capitanio et al., 2010; Holt et al.,549

2015; Pons et al., 2022; Schellart, 2024). We note that basal drag is another important component550

to consider for subduction dynamics (e.g., Suchoy et al., 2021; Cerpa et al., 2022) and the OP551

force balance (e.g., Schellart and Moresi, 2013), with trench-perpendicular gradients in basal trac-552

tion shown to correlate with OP stress regime (e.g., Capitanio et al., 2010; Schellart and Moresi,553

2013), particularly in the far-field. However, in this study we primarily focus on OP deformation554

in the near-forearc region and on the impact of interface-stress transmission, which we expect555
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Figure 10. Time-averaged compressive overriding plate force vs. interface stress, from initiation (200-km)

to 700-km of subduction.

to dominate adjacent to the plate interface. Analyses of subduction transects suggests back-arc556

compression occurs primarily above relatively low slab dips (Lallemand et al., 2005), and that the557

stress regime of the overriding plate following slab anchoring depends on temporal variations in558

slab dip (Cerpa et al., 2018). More research is required to better understand the interplay between559

slab dip and the normal and shear stresses along the interface, how this varies along-strike within560

3D subduction zones containing variable interface lithologies, and how this relates overriding plate561

stress state and deformation562

Our results indicate that overriding plate deformation is significantly influenced by along-strike563

variations in slab pull forces, which arise from interface strength heterogeneities. Homogeneous564

models, by neglecting these variations, tend to underestimate both interface shear stresses and565

overriding plate forces. In contrast, incorporating along-strike heterogeneity reveals forces up to566

∼7 times higher, suggesting a more prominent role for these variations in controlling overriding567

plate dynamics than previously recognized.568
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4.2.2 Topography569

Subduction zone and overriding plate topography varies based on a variety of factors such as the570

slab dip, buoyancy, and plate strengths (Crameri et al., 2017), as well as overriding plate hetero-571

geneity (Grima and Becker, 2024). Here, we focus on the interface stress magnitude which is also572

thought to impact topography, affecting trench depth and maximum elevation of the overriding573

plate (Lamb, 2006; Dielforder et al., 2020). In our models, we see that trench depths correlate574

positively with interface stresses, ranging from 1.6 to 5.5 km (Fig. 11a). Maximum elevations575

similarly increase with higher stresses (Fig. 11b) but less dramatically than anticipated by analyt-576

ical studies (e.g., up to ∼4 km for a ∼50 MPa 80-km thick constant stress interface Dielforder577

et al., 2020). This lower-than-expected topography may result from limited model resolution (10578

km in the OP) and an absence of plastic strain weakening, both of which restrict the development579

of faults that would drive uplift. Nonetheless, strong interfaces clearly produce greater cumulative580

relief variations (3.6 to 13.4 km, Fig. 11c), correlating with deeper forearc basins and highs. Al-581

though compressional forces typically promote surface uplift, the slab’s downward pull in strongly582

coupled, strong interface regions can counteract this effect and suppress topography (e.g., Behr583

et al., 2022). Our strong interface models show increased relief and deeper forearc basins, con-584

sistent with features like the Atacama Bench in the Andes (Armijo et al., 2015). Our results also585

suggest that after slab anchoring, when the slab becomes supported by the lower mantle, uplift586

occurs in the forearc basin. These findings highlight the need for further study on how along-strike587

variations in interface strength influence sediment transport and deposition from the forearc to the588

trench.589

4.3 Trench location and natural comparisons590

A key observation from our models is that along-strike variations in interface strength significantly591

influence trench location and slab shape. Such variability in subduction geometry is commonly ob-592

served in nature, e.g., within the Andes and Lesser Antilles subduction zones. In our simulations,593

strong interfaces limit slab roll back and increase OP compression, resulting in steeper slab dips594

and advanced trench positions. When a strong interface region is centrally located, it produces595
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Figure 11. Time-averaged interface stress vs. time-averaged a) trench depth, b) maximum topography, and

c) cumulative relief. Cumulative relief is the integration of topographic changes from the trench to 500 km

towards the direction of subduction. For information on symbols and colors, see Fig. 10.

concave margin geometries (e.g., model C1921 or C1920, Fig. 7 and supplementary Fig., S9). A596

natural analog to this configuration is potentially the Bolivian Orocline in the Andes, character-597

ized by an advanced trench with substantial overriding plate deformation. Previous research has598

attributed this geometry partially to elevated shear stresses resulting from reduced sediment sup-599

ply (Lamb and Davis, 2003; Hu et al., 2021), although trench length, plate thickness, and slab600

dynamics may also significantly contribute to such configurations. Shorter subduction zones typ-601

ically exhibit convex trench geometries towards the subducting plate (e.g., Fig. 3), while longer602

subduction margins, exceeding several thousand kilometers, often develop concave shapes (Schel-603

lart, 2024). Additionally, along-strike variations in the thickness of the subducting and overriding604

plates influence trench migration and curvature: thicker subducting plates promote rollback and605

enhance OP compressional stresses, yielding concave shapes when centrally positioned (Capi-606

tanio et al., 2011). Conversely, thicker overriding plates tend to reduce trench migration, causing607

convex trench geometries (Capitanio et al., 2011). The Andean margin, extending approximately608

7400 km, exhibits notable along-strike variations in subducting plate age (Lamb and Davis, 2003;609

Capitanio et al., 2011), and sediment availability possibly linked to climatic variations (Lamb and610

Davis, 2003; Hu et al., 2021). The distinctive concave shape and pronounced deformation along611

the Bolivian Orocline may arise from a combination of its extensive length, thicker subducting612

plate (Capitanio et al., 2011) and amplified local stresses due to a stronger interface set up by613

reduced sedimentation (Lamb and Davis, 2003; Hu et al., 2021).614
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When strong interfaces are not axially symmetric but instead paired with weaker interfaces615

along-strike, an S-shaped trench can form as the weak-interface slab retreats (e.g., M2019, M2021,616

or M1921, Fig. 4 and supplementary Fig. S9). A similar trench morphology is observed in the617

Lesser Antilles subduction zone in the Caribbean, which during the Eocene experienced short-618

ening, partially due to trench curvature (Cerpa et al., 2021), in the sediment-starved north and619

extension in the sediment-rich south (Cerpa et al., 2021). This northern compressional phase was620

followed by forearc extension in the Oligocene (Philippon et al., 2020; Cerpa et al., 2021). In the621

southern segment, sediment influx from the South American continent that began in the Eocene622

(Bangs et al., 2003) may have lubricated the subduction interface (e.g., Behr and Becker, 2018),623

potentially facilitating faster convergence velocities and promoting slab retreat. Following initial624

lubrication, sustained sediment supply could have supported growth of the accretionary wedge, in-625

creasing the interface length. If the interface viscosity remained constant, this increased interface626

length coupled to reduced slab pull due to sediment buoyancy might have subsequently slowed627

convergence velocities and slab retreat (Brizzi et al., 2021; Munch et al., 2022; Keum and So,628

2021, 2023). Thus, the overall observed velocities and compressive forces along the margin could629

reflect a dynamic balance among the rates of sediment input to the interface, accretionary wedge630

accumulation, and northward sediment propagation.631

4.4 Model limitations632

The models presented here are simplified to remain interpretable and computationally feasible,633

while still capturing first-order subduction dynamics. However, because of this we neglect mul-634

tiple factors that can have an impact on evolving subduction systems. For example, in using a635

constant interface viscosity, we neglect temperature-dependent, power law rheology. Importantly,636

this means the entire interface exhibits an average, viscous shear stress, whereas in nature one637

would expect an increase in shear stress with depth until the brittle-ductile transition, producing638

a shallow region of very high shear stresses to drive fault localization and overriding plate defor-639

mation. Similarly, we neglect surface processes, which could introduce weak sediment rheology640

to the trench and alter interface strength through time (e.g., Behr and Becker, 2018; Sobolev and641
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Brown, 2019). Additionally, while in our models a weak interface broadly represents a sedimented642

interface, to reduce model complexity and focus solely on strength we omit the associated inter-643

face density variations. Such density changes have been suggested to influence dynamics, trench644

location and convergence velocities (Keum and So, 2021, 2023; Munch et al., 2022; Brizzi et al.,645

2021). In large-scale 3D models we are constrained by the model resolution, reaching a maximum646

of 5 km in the interface or 10 km in the overriding plate. These resolutions can effect minimum647

shear zone widths and stress transfer rate across the interface (Conrad and Hager, 1999), as such648

we may underestimate compressional forces within the overriding plate. Our models capture only649

a single free-sinking phase. However, in nature, multiple episodes of slab sinking may occur due650

to processes like slab buckling, which is associated with elevated convergence rates and compres-651

sional forces (e.g., Ribe, 2003; Lee and King, 2011; Gibert et al., 2012; Cerpa et al., 2014; Pons652

et al., 2022; van der Wiel et al., 2024). This means that compressional events linked to interface653

strength variations could occur repeatedly over time, a behavior not captured in our current mod-654

eling framework.655

5 CONCLUSIONS656

In this study, we explored how along-strike changes in plate interface strength affects a time-657

evolving 3D subduction zone. Our results show that many aspects of subduction zone behavior in658

our models, such as slab dip, trench location, and overriding plate deformation, are broadly con-659

sistent with findings from previous 2D studies. For example, weaker interface segments promote660

trench retreat, lower slab dips, and extension in the overriding plate. However, our 3D models661

reveal an important dynamic not captured in 2D or homogeneous setups: slab segments interact662

laterally, with weak segments driving faster convergence that enhances velocities even in adjacent,663

stronger segments. This coupling leads to elevated interface shear stresses and increased transfer664

of compressional stress to the overriding plate within the strong interface regions. Critically, the665

magnitude of the along-strike variation in interface strength governs the velocity change within a666

strong segment, while the local interface strength determines the magnitude of stress amplification.667

On a broader scale, along-strike variations in interface strength influence subduction dynam-668
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ics beyond their immediate location. These variations narrow the range of convergence velocities669

compared to homogeneous models with similar strength end-members, bringing model behavior670

closer to natural observations. At the same time, they expand the range of viable interface stresses.671

Natural examples such as the Andean and Lesser Antilles subduction zones may reflect this be-672

havior: both exhibit elevated overriding plate deformation in sediment-starved regions, with trench673

geometries characterized by locally advanced trenches adjacent to more retreated, sediment-rich674

segments. In the Lesser Antilles, increased compressional stresses since the Eocene also coincide675

with accretionary wedge formation. These observations are consistent with our results, which sug-676

gest that along-strike strength variations can amplify interface shear stress and overriding plate677

deformation. This mechanism may be underestimated in earlier models and operates across spatial678

scales relevant to evolving subduction zones.679
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