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Abstract

The slab dip and long-term coupling at the plate interface can vary both between and within subduction zones. How these

variations affect the long-term subduction dynamics and mantle rheology is important for understanding plate tectonics and its

evolution. This paper presents two-dimensional (2D) models that examine the surface plate velocity and dynamic weakening

of the asthenosphere as a function of six values of plate interface coupling (3.1x10ˆ20, 1x10ˆ21, 3.1x10ˆ21, 1x10ˆ22, 3.1x10ˆ22,

1.0x10ˆ23 Pa·s) and three values of initial slab dip (30ˆo, 45ˆo, 60ˆo). The models use a composite viscosity in the upper

mantle and were run for 2000 time-steps. The instantaneous results show subducting plate speed and dynamic weakening at the

lithosphere-asthenosphere boundary (LAB) increase with decreasing inter-plate coupling, and peak for models with an initial

dip of 45ˆo. For time-dependent models, subducting plate speed also increases with decreasing inter-plate coupling. However,

models with an initial slab dip of 30ˆo produce the fastest subducting plate speeds over time. The thickness of the dynamically

weakened LAB evolves over the course of subduction. The results indicate the subducting plate velocity is correlated not only

with the imposed inter-plate coupling, but also with the dynamic weakening of the LAB region. The weaker the inter-plate

coupling, the easier for the slab to descend into the mantle and dynamically weaken the asthenosphere due to the strain-rate

dependent rheology. This reduced viscous resistance to slab sinking facilitates subducting plate and mantle flow over time, thus

easing the subduction process of plate tectonics.
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Key Points:8

• Decreasing inter-plate coupling leads to increased plate motion and dynamic LAB9

weakening, facilitating subduction and plate tectonics.10

• Subducting plate velocity and thickness of weakened LAB zone are positively cor-11

related due to nonlinear mantle viscosity.12

• Plate velocity and thickness of dynamically weakened LAB peak over time for mod-13

els with initial dip of 30◦ and weakest plate interface.14
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Abstract15

The slab dip and long-term coupling at the plate interface can vary both between and16

within subduction zones. How these variations affect the long-term subduction dynam-17

ics and mantle rheology is important for understanding plate tectonics and its evolution.18

This paper presents two-dimensional (2D) models that examine the surface plate veloc-19

ity and dynamic weakening of the asthenosphere as a function of six values of plate in-20

terface coupling (3.1×1020, 1×1021, 3.1×1021, 1×1022, 3.1×1022, 1.0×1023 Pa·s) and21

three values of initial slab dip (30o, 45o, 60o). The models use a composite viscosity in22

the upper mantle and were run for 2000 time-steps. The instantaneous results show sub-23

ducting plate speed and dynamic weakening at the lithosphere-asthenosphere boundary24

(LAB) increase with decreasing inter-plate coupling, and peak for models with an ini-25

tial dip of 45o. For time-dependent models, subducting plate speed also increases with26

decreasing inter-plate coupling. However, models with an initial slab dip of 30o produce27

the fastest subducting plate speeds over time. The thickness of the dynamically weak-28

ened LAB evolves over the course of subduction. The results indicate the subducting plate29

velocity is correlated not only with the imposed inter-plate coupling, but also with the30

dynamic weakening of the LAB region. The weaker the inter-plate coupling, the easier31

for the slab to descend into the mantle and dynamically weaken the asthenosphere due32

to the strain-rate dependent rheology. This reduced viscous resistance to slab sinking33

facilitates subducting plate and mantle flow over time, thus easing the subduction pro-34

cess of plate tectonics.35

Plain Language Summary36

At subduction zone plate boundaries, the down-going plate slides past the upper37

plate, with plate boundary coupling and the viscosity of the underlying mantle resist-38

ing the downward slab pull of the descending plate. However, how resistance at the plate39

interface affects the dynamic viscous resistance of the asthenosphere at the base of the40

tectonic plates (also referred to as the lithosphere-asthenosphere boundary (LAB)) is less41

understood. A suite of two-dimensional (2D) time-dependent models of subduction were42

run that varied the plate interface coupling and initial slab dip. The numerical models43

of subduction incorporate a laboratory-based strain-rate dependent viscosity for the man-44

tle. High-performance computing is required, with each model run on 48 compute cores.45

The downgoing plate velocity and thickness of the dynamically weakened LAB increase46

with decreasing plate interface coupling. The results show that the surface plate veloc-47

ity and dynamic weakening in LAB are positively correlated. The models indicate that48

dynamic weakening at the LAB can be affected by how coupled the downgoing and over-49

riding plates are to each other and that the resulting LAB weakening is important for50

facilitating plate tectonics.51

1 Introduction52

The coupling between the downgoing and overriding plate along the subduction53

interface, as well as the coupling between a surface plate and underlying asthenosphere,54

are critical parameters controlling the instantaneous and time-dependent dynamics of55

plate tectonics on Earth (Forsyth & Uyeda, 1975; Lallemand et al., 2005; Billen, 2008;56

Gerya, 2011; Duarte et al., 2013). Resistance to subduction at the plate interface, as well57

as the viscous resistance of the asthenosphere to subduction, are key forces that coun-58

teract the driving force of the negative buoyancy of the slab (Forsyth & Uyeda, 1975;59

Lallemand et al., 2005; Billen, 2008; Duarte et al., 2015). However, the resisting forces60

are often conceptualized as independent parameters with respect to one another. Thus,61

how one resisting force may dynamically influence another resisting force is still not well62

understood (Andrews & Billen, 2009; Jadamec & Billen, 2010, 2012; Gao, 2018; Sem-63

ple & Lenardic, 2021).64
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Similarly, the slab pull force is often conceptualized as a driving force subject to65

an independent resistance from a constant viscosity asthenosphere. However, numeri-66

cal models using a non-linearly deforming mantle suggest dynamic feedback between vari-67

able asthenospheric viscosity and the slab (Tovish et al., 1978; Billen & Hirth, 2007). In68

addition, two-dimensional (2D) and three-dimensional (3D) time-dependent and instan-69

taneous models using a composite viscosity suggest that the geometry of the slab may70

influence the extent and magnitude of lateral variability in asthenosphere’s viscous sup-71

port of the slab (Billen & Hirth, 2007; Jadamec & Billen, 2012; Jadamec, 2015, 2016b).72

Thus, the driving and resisting forces of subduction are likely dynamically connected,73

with the feedbacks playing a key role in the subduction process (Billen & Hirth, 2007;74

Stadler et al., 2010; Jadamec & Billen, 2012; Jadamec, 2015, 2016b; Yang & Gurnis, 2016;75

MacDougall et al., 2017; Gao, 2018; Semple & Lenardic, 2021). The purpose of this pa-76

per is to systematically examine the relative influence of and dynamic feedbacks between77

the initial slab dip, viscous coupling along the plate interface, and non-linear response78

of the mantle through a suite of instantaneous and time-dependent 2D subduction mod-79

els using a non-linear rheology.80

In nature, asymmetric down-welling is observed at subduction zones, wherein a down-81

going plate is preferentially subducted into the asthenosphere beneath an overriding plate82

(Uyeda & Kanamori, 1979; Bercovici, 2003; Gerya et al., 2008; Li et al., 2008; Hayes et83

al., 2018; Jadamec et al., 2018). Observations indicate the angle at which the slab subducts84

varies between subduction zones, as well as within a subduction zone (Jarrard, 1986; Lalle-85

mand et al., 2005; Syracuse & Abers, 2006; Hayes et al., 2018; Jadamec et al., 2018). For86

example, South America, Alaska and Mexico contain flat slab subduction segments while87

the Marianas subduction zone has a slab sinking at the angle greater than 70◦(Gutscher88

et al., 2000; Lallemand et al., 2005; Hayes et al., 2018; Jadamec et al., 2018). These vari-89

ations in dip can lead to differences in the spatial extent of inter-plate overlap, environ-90

ment of stress, mantle deformation fabrics, and the magnitude of weakening of a non-91

linear asthenosphere (Wdowinski et al., 1989; Gutscher et al., 2000; Billen & Gurnis, 2001;92

Kneller & Van Keken, 2007; Wada & Wang, 2009; Capitanio & Faccenda, 2012; Jadamec,93

2015; MacDougall et al., 2017).94

At convergent plate boundaries undergoing subduction, the sinking of the down-95

going plate beneath the overriding plate is met with resistance by mechanical coupling96

between the plates along the plate interface (Shreve & Cloos, 1986; Huang et al., 1998;97

Tagawa et al., 2007; Capitanio, Stegman, et al., 2010; Agard et al., 2018). This requires98

that the composition, rock condition, or rheology of the lithosphere has to be such that99

the rigid plates become weak enough to locally allow the subducting plate to slide past100

the overriding plate, whilst maintaining the internal rigidity of the plate interior (Capitanio,101

Stegman, et al., 2010; Tagawa et al., 2007; Bercovici, 2003; Bercovici & Ricard, 2005;102

Lamb & Davis, 2003; Sharples et al., 2016). Different approaches have been implemented103

in numerical models to represent a plate interface that allows for the down-going plate104

to slide past the upper plate, including for example, a damage rheology, an interface with105

and without anisotropic frictional rheology, history dependent rheology with lubrication106

on top of the subducting plate, and imposed weak-zones (Bercovici & Ricard, 2005; Sobolev107

& Babeyko, 2005; Tagawa et al., 2007; Jadamec & Billen, 2012; Sharples et al., 2014; Jadamec,108

2016b; Sharples et al., 2016). In a broad sense, the plate interface zone can be concep-109

tualized as placing a throttle on the rate of subduction. However, how the resistance to110

subduction along the subduction interface may in turn influence the viscous resistance111

of the underlying asthenosphere is still an active area of research (Jadamec & Billen, 2012).112

During subduction, the surface plates must descend through the lithosphere-asthenosphere113

boundary (LAB) before being fully immersed in the asthenosphere. Different methods114

such as surface wave tomography, body wave tomography, reverberation and converted115

phases, and a combination of them are commonly used to constrain the LAB depth and116

characteristics (Eaton et al., 2009; Rychert & Shearer, 2009; Romanowicz, 2009; Fischer117
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et al., 2010; Rychert et al., 2020; Richards et al., 2020; Hua et al., 2023). However, de-118

spite the fact that the LAB is expected to be ubiquitous around the Earth (because it119

separates the outer rheological layer of the Earth, the lithosphere, from the underlying120

asthenosphere), resolving the depth to the LAB, quantifying the thickness of the LAB121

zone, and determining exactly which parameters give the LAB its decoupling properties122

remain elusive (Eaton et al., 2009; Rychert & Shearer, 2009; Romanowicz, 2009; Fischer123

et al., 2010; Rychert et al., 2020; Richards et al., 2020).124

The asthenosphere has relatively low viscosity with the respect to the lithosphere125

and, similar to the lithosphere, can exhibit seismic anisotropy related to deformation fab-126

rics (Mitrovica & Forte, 2004; Long & Silver, 2008; Mao & Zhong, 2021; Adhikari et al.,127

2021). Numerical studies commonly use either a Newtonian, Non-Newtonian, or a com-128

posite viscosity for the rheology of the mantle. Comparison of models of corner flow dy-129

namics show the inclusion of a non-Newtonian viscosity leads to thinning of the upper130

plate above the mantle wedge (van Keken et al., 2008). 2D composite viscosity models,131

which include the dynamic weakening effects of dislocation creep, also predict lateral vari-132

ations in dynamic weakening of the asthenosphere (Billen & Hirth, 2007; Jadamec, 2016b)133

that can facilitate decoupled mantle flow velocity from that of the surface plates in sub-134

duction zones (Jadamec, 2016b; MacDougall et al., 2017; Billen & Arredondo, 2018). In135

addition, 3D modeling indicates that the toroidal flow around the slab edge can be en-136

hanced in intensity when using a using a composite viscosity (Jadamec & Billen, 2010,137

2012). Numerical models have also showed the trade-offs between the stress exponents138

in the non-Newtonian viscosity and the slab strength on global plate velocities (Stadler139

et al., 2010). Thus, numerical models suggest that the viscosity of the asthenosphere can140

have a first order impact on the subduction dynamics and that it can vary in space and141

time (Jadamec & Billen, 2012; Jadamec, 2015, 2016b; Yang & Gurnis, 2016; MacDougall142

et al., 2017; Gao, 2018; Semple & Lenardic, 2021).143

2 Methods144

Computational fluid dynamics (CFD) can be used to model the long-term solid-145

state creeping flow in the mantle (Moresi & Solomatov, 1995; Moresi et al., 1996; Zhong,146

2006). On long-time scales, the Earth’s mantle can be treated as a highly viscous fluid147

(McKenzie et al., 1974; Torrance & Turcotte, 1971). In this paper, we examine the plate148

interface coupling and initial slab dip to address the relative importance on the subduc-149

tion plate velocity, dynamic asthenospheric weakening, and run-time for the non-Newtonian150

instantaneous and time-dependent models. Specifically, 18 time-dependent 2D models151

were run to test the relative effect of (a) three initial slab dip angles (30o, 45o, 60o) and152

(b) six values of the upper bound on plate interface coupling (3.1 × 1020, 1.0 × 1021,153

3.1×1021, 1.0×1022, 3.1×1022, 1.0×1023 Pa ·s) on the surface plate motion and dy-154

namic weakening in the asthenosphere (Table 1). The trade-off between the driving forces155

and the resisting forces, their evolution through time, and how nonlinear viscosity af-156

fects their independence is examined. The models were run with CitcomCU (Zhong, 2006),157

an open-source, parallel finite element program based on CITCOM (Moresi & Soloma-158

tov, 1995). The model mesh and the mapping of the initial thermal and weak zone struc-159

tures onto the mesh were both generated with TECT Mod3D, formerly SlabGenerator or160

SubductionGenerator (Jadamec & Billen, 2010, 2012; Jadamec, 2016b).161

2.1 Viscous Flow Modeling and Governing Equations162

The CFD model approximates the solution of the governing equations with the nec-163

essary boundary and/or initial conditions (Moresi & Solomatov, 1995; Zhong et al., 2015;164

May & Moresi, 2008). The open-source finite element code, CitcomCU, is used to solve165

the conservation of mass, momentum, and energy equations for thermo-mechanical con-166
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vection assuming incompressibility and the Boussinesq approximation:167

∂ui

∂xi
= 0 (1)168

−∂τij
∂xj

+
∂p

∂xi
= αρ0gλi(T − T0) (2)169

∂T

∂t
+ ui

∂T

∂xi
= κ

∂2T

∂x2
j

(3)170

where xi and t are the space coordinates and time, respectively, ui is the velocity, and171

τij , p, T , ρ, g, λi, and α are the stress tensor, pressure, temperature, density, gravita-172

tional acceleration, unit vector in the direction of gravity, and thermal expansion, respec-173

tively (Zhong, 2006; Moresi & Solomatov, 1995). κ is the coefficient of thermal diffusion,174

κ = k/ρcp, where k is the thermal conductivity, and cp is the heat capacity at constant175

Table 1: List of models run. αi and ηUB are the initial slab dip and upper bound on
viscosity at plate interface, respectively. Vsp, hd19, hd19.5, and DST are the average hor-
izontal surface plate velocity of the downgoing plate, thickness of zone of dynamically
weakened LAB viscosity below 1 × 1019 Pa · s at 13◦, and thickness of zone of dynam-
ically weakened LAB viscosity below 3.1 × 1019 Pa · s at 13◦, and deepest depth of the
slab tip, respectively. The subscript M indicates the maximum value achieved. Tp is the
runtime per 2 compute nodes. Each compute node contains two processors with 12 cores
per processor, making a total of 48 cores per job. The total hours per job is Tp × 48.

Model Parameters Varied Instantaneous Results Time-dependent Results

Model

name
α◦
i

ηUB

(Pa · s)
Vsp

( cm
yr

)

hd19

(km)

hd19.5

(km)

(Vsp)M

( cm
yr

)

(hd19)M

(km)

(DST )M

(km)

Tp

(hrs)

Slab30 fc25 30 1.0× 1023 0.12 0 0 0.27 0 280.00 38.40

Slab30 fc37 30 3.1× 1022 0.36 0 28 1.57 0 331.80 44.05

Slab30 fc50 30 1.0× 1022 0.71 0 58.80 9.57 86.80 531.79 62.83

Slab30 fc62 30 3.1× 1021 1.08 0 78.40 13.80 107.80 487.58 65.35

Slab30 fc75 30 1.0× 1021 1.51 0 93.80 21.10 128.80 584.71 72.06

Slab30 fc87 30 3.1× 1020 1.89 5.60 103.60 25.37 135.80 584.71 72.72

Slab45 fc25 45 1.0× 1023 0.92 8.40 92.40 1.14 15.40 331.80 44.18

Slab45 fc37 45 3.1× 1022 1.69 26.60 106.40 2.25 39.20 350.00 42.14

Slab45 fc50 45 1.0× 1022 2.43 39.20 116.20 3.41 54.60 366.01 45.83

Slab45 fc62 45 3.1× 1021 2.96 46.20 123.20 4.40 61.60 388.10 52.87

Slab45 fc75 45 1.0× 1021 3.44 50.40 126 6.44 67.20 457.18 59.31

Slab45 fc87 45 3.1× 1020 3.80 54.60 130.20 12.04 103.60 506.92 65.23

Slab60 fc25 60 1.0× 1023 0.44 0 82.60 0.64 4.20 337.40 38.10

Slab60 fc37 60 3.1× 1022 0.74 11.20 93.80 1.06 25.20 344.40 52.83

Slab60 fc50 60 1.0× 1022 1.07 25.20 106.40 1.46 36.40 351.40 47.72

Slab60 fc62 60 3.1× 1021 1.09 25.20 103.60 1.84 43.40 356.50 52.55

Slab60 fc75 60 1.0× 1021 1.77 40.60 120.40 2.23 49.00 360.80 45.04

Slab60 fc87 60 3.1× 1020 2.17 47.60 128.80 2.52 51.80 366.01 44.17
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pressure (Zhong et al., 2015). CitcomCU uses the full multigrid (FMG) scheme to ac-176

celerate convergence (Zhong, 2006).177

Table 2: Dimensionalization parameters

Parameter Description value
Ra Rayleigh number 2.34× 109

g Gravitational Acceleration, m/s2 9.8
T0 Reference Temperature, K 1673

Tsurf Temperature on top surface, K 273
R Earth radius, km 6371

ηref Reference viscosity, Pa · s 1020

ρ0 Reference density, kg/m3 3300
κ Thermal diffusivity, m2/s 10−6

α Thermal expansion coefficient, 1/K 2× 10−5

The model uses a composite viscosity in the upper mantle and a Newtonian vis-178

cosity in the lower mantle. The viscosity is based on an experimentally derived flow law179

for olivine aggregates (Hirth & Kohlstedt, 2003)180

ηdf,ds =

(
dp

ACr
OH

) 1
n

ε̇
1−n
n exp

[
E + PlV

nR̃(T + Tad)

]
(4)181

where ηdf and ηds are viscosity due to diffusion creep and dislocation creep respectively,182

R̃ is the universal gas constant, T is a non-adiabatic temperature, Tad is the adiabatic183

temperature, Pl is the lithostatic pressure, and the other parameters are as defined in184

Table 3.185

For the diffusion creep of olivine, the strain-rate depends linearly on the stress but186

depends non-linearly on the grain size (Hirth & Kohlstedt, 2003). Whereas, for dislo-187

cation creep, the strain-rate depends non-linearly on the stress and does not depend on188

grain size (Hirth & Kohlstedt, 2003). Both dislocation creep and diffusion creep are sen-189

sitive to parameters including temperature, pressure, stain-rate, OH concentration, and190

grain size (Table 3, Eq. 4)(Hirth & Kohlstedt, 2003).191

As diffusion and dislocation creep can occur simultaneously, and assuming the to-192

tal strain rate is an additive contribution from each (Hall & Parmentier, 2003), the com-193

Table 3: Creep parameters for wet olivine in the upper mantle used in the composite vis-
cosity formulation (Hirth & Kohlstedt, 2003; Billen & Hirth, 2007).

Parameter Description Diffusion creep Dislocation creep
A Preexponential factor 1 9× 10−20

n Stress exponent 1 3.5
d Grain size, µm 104 -
p Grain size exponent 3 -

COH OH concentration, H/106Si 1000 1000
r COH exponent 1 1.2
E Activation energy, KJ/mol 335 480
V Activation volume, m3/mol 4× 10−6 11× 10−6
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posite viscosity, ηcomp, (Hirth & Kohlstedt, 2004; Jadamec & Billen, 2010) can be de-194

fined by195

ηcomp =
ηdf ηds
ηdf + ηds

. (5)196

The models also use a depth-dependent yield stress, σy, that linearly increases with depth197

at a gradient of 15 MPa per km. Thus, the overall effective viscosity ηeff is equal to198

ηcomp if σII < σy, and
σy

ε̇II
if σII > σy (Billen & Hirth, 2007; Jadamec & Billen, 2010).199

2.2 Model Design and Constitutive Equations200

The model setup, mesh, and initial thermal structure are constructed with TECT Mod3D201

(formerly SlabGenerator or SubductionGenerator (Jadamec & Billen, 2010; Jadamec et202

al., 2012)). TECT Mod3D uses either a plate cooling or half-space cooling model, combined203

with diffusion length scale adjustments, to define the initial thermal structure.204

2.2.1 Model Setup205

18 time-dependent models (Fig. 1(a), Table 1) were run that tested 3 initial sub-206

duction angles (Fig. 1(b-d)) and 6 values of plate interface coupling (Fig. 1(e-j)). The207

model domain, mesh, initial thermal structure, and slab geometry are from Jadamec (2016b).208

The model includes an overriding plate, subducting plate, and a mantle. The 2D model209

domain spans from 0◦-45◦ in longitude and 2500 km in depth (Jadamec, 2016b)). The210

top boundary (surface) and the bottom boundary of the model are located at 6371.13 km211

and at 3871.13 km respectively, calculated from the center of the Earth (Fig. 1(a)), form-212

ing a model thickness of 2500 km. The model has 1248×480 elements in the longitude213

and radial direction respectively, with locally a refined mesh in the subduction zone re-214

gion (Jadamec, 2016b). In the longitudinal direction, the element size is 0.016◦ (∼ 1.7 km)215

at the trench and it coarsens outwards to 0.1525◦ (∼ 16 km). In depth, the element size216

is 1.4 km for the upper 350 km and coarsens to 15 km in the lower mantle.217

The dimensionalization parameters for the models in CitcomCU are defined in Ta-218

ble 2. Free slip conditions are applied to the model top, bottom, and sidewalls and the219

top and bottom of the model have a fixed temperature boundary condition. The max-220

imum temperature allowed inside of the model domain and at the mantle-core bound-221

ary is 1400 oC (non-dimensionalised temperature = 1). Therefore, we applied a temper-222

ature restriction in the Petrov-Galerkin time stepping function in the CitcomCU to cap223

the maximum temperature at 1.224

The initial condition is required for temperature as the first-order time derivative225

is presented in the energy equation, Eq. 3. The initial thermal structure shown in Fig.226

1(b-d) is proportional to the age of the overriding and subducting plates. The half-space227

cooling model is used in SlabGenerator (Jadamec & Billen, 2012) to determine the ini-228

tial thermal field. This study uses three initial slab dips (30◦, 45◦ and 60◦) following Jadamec229

(2016b). Models with an initial slab dip of 30◦ have shallower slab depth at the start of230

subduction. At the start of the subduction, models with an initial slab dip of 45◦ have231

an intermediate slab depth while models with an initial slab dip of 60◦ have deeper slab232

depth (Jadamec, 2016b).233

2.2.2 Plate Interface Shear Zone234

The plate interface and the trailing edge of the subducting plate have an imposed235

weak-zone, ηwk, following the implementation in Jadamec et al. (2012); Jadamec (2009).236

The viscosity implemented at the interface is defined as237

ηwk = ηref10
[(log10(ηeff/ηref ))(1−Awk)] (6)238

–7–
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where ηwk is a upper bound on the imposed weak-zone, ηref is the reference viscosity,239

and Awk is a scalar weak-zone field. Awk = 0 means there is no imposed weak plate240

interface, whereas Awk = 1 represents a fully imposed weak plate interface.241

Figure 1: Model set-up. (a) Model domain, shown with Newtonian viscosity in
color. Solid-line outlines zoomed-in region shown in results section. Dashed-line out-
lines zoomed-in region shown in model set-up (b-j). (b,c,d) Initial temperature from
TECT Mod3D input to CitcomCU for the three initial slab dips used, shown for subset
of model domain. (e-j) Plate interface weak field from TECT Mod3D input to CitcomCU
plate for six plate coupling bounds used, shown for subset of model domain.

–8–
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The weak-zone field, Awk, is mapped on the mesh nodes a priori using a sigma func-242

tion (Jadamec et al., 2012) (Fig. 1(e-j)). The 2D models presented here examined six243

different weak-zone fields along the plate interface. This parameter sweep is listed in Ta-244

ble 1, where column 2 represents the initial slab dip and column 3 represents the plate245

coupling bound in CitcomCU.246

3 Results247

The results of the instantaneous models and time dependent models are presented248

in Sections 3.1 and 3.2, respectively. The predicted flow velocity in the mantle, surface249

plate velocity, and thickness of the dynamically weakened asthenosphere are analyzed250

as functions of the initial slab dip and variable plate coupling.251

3.1 Instantaneous Subduction Modeling Results252

3.1.1 Newtonian Versus Composite Viscosity253

Figure 2 shows a comparison of the flow velocity, strain rate, and viscosity for mod-254

els using a Newtonian upper mantle versus a composite viscosity upper mantle. The vis-255

cosity for the models with the Newtonian viscosity formulation varies only with depth256

and does not dynamically weaken below 1019 Pa·s (Fig. 2(a), right). Models with the257

Newtonian viscosity formulation have smaller velocity gradients around the slab. Ad-258

ditionally, these models show lower magnitudes of velocity, as illustrated in Fig. 2(a).259

The strain-rate for this model is also smaller (Fig. 2(b)). In contrast, models using the260

composite viscosity formulation show faster velocity magnitudes, higher strain-rate, and261

a dynamically weakened viscosity, similar to previous results (Jadamec & Billen, 2010;262

Jadamec, 2016b) as shown in Figure 2(d-f). The mantle velocity magnitude is highest263

for composite viscosity models with an initial slab dip of 45◦. In both Newtonian and264

composite viscosity models, large flow velocity gradients emerge in the asthenosphere around265

the slab and beneath the surface part of the down-doing plate in the lithosphere-asthenosphere266

boundary (LAB) region.267

As many previous studies have already explored models using a Newtonian viscos-268

ity, all results hereafter are for the models using the composite viscosity upper mantle.269

We refer the reader to previous studies that examined comparisons with a Newtonian270

upper mantle rheology (Jadamec & Billen, 2010; Jadamec, 2016b), as this is beyond the271

scope of this paper.272

3.1.2 Effect of Initial Slab Dip and Subduction Interface Coupling on273

Surface Plate velocity274

The horizontal surface plate velocity is plotted as a function of imposed plate cou-275

pling bound for three initial slab dips in Fig. 3(a). The horizontal velocity on the sur-276

face grid nodes of the subducting plate is averaged to determine the average surface plate277

velocity. The surface plate velocity increases as the plate interface coupling decreases.278

Models with a plate interface bound of 1×1023 Pa ·s have the slowest horizontal sur-279

face plate velocity (0.1−0.9 cm/yr) (Figures 3(a), 4(d-f)). Models with a plate inter-280

face bound of 3.1×1020 Pa·s have the fastest (1.8−3.8 cm/yr) surface plate velocity281

(Figures 3(a), 4(j-l)).282

The results show that surface plate velocity is also sensitive to the initial slab dip283

(Figures 3(a) and 4). The surface plate velocity is slowest for models with an initial slab284

dip of 30◦and is fastest for models with an initial slab dip of 45◦. The difference in the285

speed for models with a slab dip of 45◦ is greater than for models with an initial slab286

dip of 30◦. For models with an initial slab dip of 30◦, the difference in surface plate ve-287

locity between the models with the strongest and weakest plate coupling is 1.76 cm/yr288
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Figure 2: Instantaneous flow velocity magnitude, second invariant of strain-rate, and
viscosity for model Slab45 fc62 with (a,b,c) Newtonian and (d,e,f) composite viscosity
formulation for the upper mantle.

(93.7%). For models with an initial slab dip of 45◦, the difference in surface plate veloc-289

ity between the models with the strongest and weakest plate coupling reduces to 2.88 cm/yr290

(75.7%). For models with an initial slab dip of 60◦, the difference in velocity between291

the models with the strongest and weakest plate coupling is 1.72 cm/yr (79.6%).292

3.1.3 Effect of Initial Slab Dip and Plate Interface Coupling on Astheno-293

spheric Viscosity294

The mantle viscosity is dynamically reduced in the regions of high strain-rate around295

the slab and in the LAB region due to the effects of the composite viscosity formulation.296

Both the initial slab dip and plate interface coupling have an impact on the dimension297

and intensity of the zones of dynamic weakening. Overall, models with an initial slab298

dip of 45◦ achieved the highest amount of dynamic weakening (Fig. 4(h)). In addition,299

the zone of weakening around the slab and at the LAB is wider and thicker overall for300

models with the lowest plate interface bound (3.1×1020 Pa·s) (Fig. 4(g-i)) and smaller301

for models with the highest plate interface bound (1× 1023 Pa · s) (Fig. 4(a-c)).302

When the weakened asthenosphere in the sub-slab corner, below the slab tip, and303

in the mantle wedge is fully connected, a coherent envelope of low viscosity forms around304

the slab. We outline the coherence of the dynamic weakening in the asthenosphere with305

the 1019 Pa · s and 3.1× 1019 Pa · s contours (Fig. 4). Table 4 shows the induced dy-306

namic weakening (≤ 1019 Pa·s) in the sub-slab corner, mantle wedge, and beneath the307

slab tip for the instantaneous composite viscosity models. The rightmost column in Ta-308

ble 4 indicates whether there is weakening at the LAB region of the down-going plate.309

For models with a plate interface bound of 1×1023 Pa·s, the zone of weakening is more310

coherent for the models with an initial slab dip of 45◦and less coherent for models with311

an initial slab dip of 30◦ and 60◦(Fig. 4(a-c)). For models with a plate interface bound312

of 3.1 × 1020 Pa · s, models with an initial slab dip of 30◦ and 45◦ have the coherent313

zone of weakening (Fig. 4(g,h)). Models with an initial slab dip of 60◦ do not have weak-314

ening beneath the slab tip, regardless of plate coupling bound (Fig. 4(c,i)).315
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Figure 3: Predicted (a) surface plate velocity and (b, c) thickness of weakened astheno-
sphere to (hd19) and (hd19.5), respectfully, plotted as a function of imposed plate coupling
bound for instantaneous models. (d) Predicted surface plate velocity plotted as a function
of resulting hd19.5 for instantaneous models. (∗∗) case shown in Fig. 4(a-f) and (∗) case
shown in Fig. 4(g-l).

To examine the dynamic reduction in viscosity at the LAB beneath the down-going316

plate outboard of the trench, viscosity profiles at 13◦ latitude are extracted for all mod-317

els (Figure 5). The profiles show the viscosity in the LAB is dynamically weakened be-318

low 3.1×1019 Pa·s for all of the models with an initial slab dip of 45◦ and 60◦(Figure319

5). Models with an initial slab dip of 30◦ have a minimum viscosity less than 3.1×1019 Pa·320

s for all of the models, except for the model with the strongest plate coupling. However,321

for models with an initial slab dip of 30◦, the minimum viscosity is not below 1×1019 Pa·322

s for all the models except for the model with the weakest plate coupling.323

To further quantify the dynamically emergent weakening in the LAB region un-324

der the down-going plate, the thickness (hd19) of the viscosity weakened below 1×1019 Pa·325

s and 3.1 × 1019 Pa · s at 13◦ longitude is measured. The quantification of the thick-326

ness of the dynamically weakened region beneath the down-going plate at the LAB and327

surface plate velocity is as depicted in Figure 5(a). The thickness is plotted as a func-328

tion of plate coupling in Fig. 3(b,c) for the three initial slab dips. The thickness of the329

weakened LAB area (hd19) increases with decreasing plate coupling (8.3 km to 54.6 km330

for models with an initial slab dip of 45◦) (Fig. 3(b)). Similarly, the thickness of the weak-331
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Figure 4: Viscosity (a,b,c) and velocity (d,e,f) results for instantaneous models with
the strongest plate coupling and viscosity (g,h,i) and velocity (j,k,l) results for instanta-
neous models with the weakest plate coupling. Temperature contours (thin black lines),
1 × 1019 Pa · s viscosity contour (thick black line), 3.1 × 1019 Pa · s viscosity contour
(thick dashed black line), 1× 1020 Pa · s viscosity contour (dotted black line), and velocity
vectors (black arrows) are shown.

–12–



manuscript in preparation for JGR: Solid Earth

ened LAB area (hd19.5) considering the viscosity below 3.1×1019 Pa·s increases with332

decreasing plate coupling (Fig. 3(c)). However, the hd19.5 is up to an order of magni-333

tude thicker than the hd19. For models with an imposed plate interface bound of 3.1×334

1020 Pa ·s, models with an initial slab dip of 45◦ have the thickest LAB area (hd19 =335

54.6 km), and models with an initial slab dip of 30◦ have the thinnest thickness of weak-336

ened LAB area (hd19 = 5.6 km). The difference in the thickness of the weakened as-337

Table 4: Regions of dynamically induced weakening below 1019 Pa · s in the instantaneous
models using the composite viscosity.
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Slab30 fc25 Yes Yes Yes No No
Slab30 fc37 Yes Yes Yes No No
Slab30 fc50 Yes Yes Yes No No
Slab30 fc62 Yes Yes Yes No No
Slab30 fc75 Yes Yes Yes Yes No
Slab30 fc87 Yes Yes Yes Yes Yes
Slab45 fc25 Yes Yes Yes Yes Yes
Slab45 fc37 Yes Yes Yes Yes Yes
Slab45 fc50 Yes Yes Yes Yes Yes
Slab45 fc62 Yes Yes Yes Yes Yes
Slab45 fc75 Yes Yes Yes Yes Yes
Slab45 fc87 Yes Yes Yes Yes Yes
Slab60 fc25 Yes Yes No No No
Slab60 fc37 Yes Yes No No Yes
Slab60 fc50 Yes Yes No No Yes
Slab60 fc62 Yes Yes No No Yes
Slab60 fc75 Yes Yes No No Yes
Slab60 fc87 Yes Yes No No Yes

Figure 5: (a) Diagram illustrating input plate coupling bound and output quantities
measured. Viscosity envelope (thick solid and dashed lines) shown in Figs. 2, 4, and 6.
Viscosity profiles through all the models at 13◦ latitude to 700 km depth (b) show dy-
namic weakening in the LAB beneath the subducting plate with (c) zoomed-in plot of
LAB region. Vertical solid and dashed black lines in (c) mark viscosity of 3.1 × 1019 and
1× 1019 Pa · s, respectively.
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thenosphere (hd19) between the models with the weakest and strongest plate coupling338

is larger for models with an initial slab dip of 45◦ and 60◦ than for models with an ini-339

tial slab dip of 30◦. For models using an initial slab dip of 30◦, only the model with the340

weakest plate coupling (3.1×1020 Pa·s) was able to achieve the viscosity below 1019 Pa·341

s and achieved only a 5.6 km thickness (hd19). In addition, models with an initial slab342

dip of 30◦, except for the model with the weakest interface coupling (3.1 × 1020 Pa ·343

s), failed to get weakened below 1× 1019 Pa · s.344

3.2 Time-dependent Subduction Modeling Results345

The time-dependent results show that asthenospheric flow velocity, the surface plate346

velocity, and the thickness of the dynamically weakened LAB area vary in time. For mod-347

els with a plate interface coupling of 1×1023 Pa ·s, the mantle velocity speeds up for348

models with an initial slab dip of 30◦ and 60◦ through time (Movie S1 (b)). For mod-349

els with a plate interface coupling of 1× 1023 Pa · s and an initial slab dip of 45◦, the350

mantle velocity is faster initially, however, the mantle velocity gets slower through time351

(Movie S1 (b)). In addition, the coherence of dynamic weakening around the slab varies352

in lateral extent through time (Supp. Info, Movie S1; Fig. 6). The effects of an initial353

slab dip and plate interface coupling on the surface plate velocity (Section 3.2.1), coher-354

ent zone of weakening (Section 3.2.2), and dynamic weakening at LAB area (Section 3.2.3)355

are described in the following subsections.356

3.2.1 Effect of Initial Slab Dip and Subduction Interface Coupling on357

Surface Plate Velocity over Time358

The surface plate velocity for all models with an initial slab dip of 30◦ increases359

through time except for the models with strongest imposed plate coupling bounds (1×360

1023 Pa · s) (Fig. 7(a)). The surface plate velocity for models with an initial slab dip361

of 30◦ increases more rapidly for models with weaker plate coupling bounds. The model362

with an initial dip of 30◦ and a weakest plate coupling achieved more than 20 cm/yr sur-363

face plate speed. Unlike in the instantaneous results, the surface plate velocity is fastest364

over time for models with an initial slab dip of 30◦(Fig. 7(a)). The surface plate veloc-365

ity for models with an initial slab dip of 45◦ increases with time for the models with the366

three weakest interface coupling bounds; whereas, the surface plate velocity decreases367

through time for the models with the three strongest plate coupling bounds (Fig. 7(c)).368

The surface plate velocity for all models with an initial slab dip of 60◦ decreases through369

time (Fig. 7(e)). Models with an initial slab dip of 60◦ have the lowest speed compared370

to models with an initial slab dip of 30◦ and 45◦.371

3.2.2 Effect of Initial Slab Dip and Plate Interface Coupling on Astheno-372

spheric Viscosity over Time373

The amount of weakening at the LAB increases over time for models with the weak-374

est plate coupling and an initial slab dip of 30◦ and 45◦(Movie S1 (c)). For models with375

the weakest plate coupling and an initial slab dip of 30◦ and 45◦, the dynamic weaken-376

ing in the sub-slab corner and in the mantle wedge increases and then decreases over time.377

The coherent envelope of low viscosity becomes incoherent over time for models with the378

weakest plate coupling and an initial slab dip of 30◦ and 45◦. For model with the weak-379

est plate coupling model and an initial slab dip of 60◦, the dynamic weakening at the380

LAB, in the sub-slab corner, and in the mantle wedge decreases over time (Movie S1 (c)).381

Model with the weakest plate coupling model and an initial slab dip of 60◦do not have382

dynamic weakening beneath the slab tip. The envelope of low viscosity stays incoher-383

ent throughout the process of subduction. For models with the strongest plate coupling,384

the dynamic weakening in the sub-slab corner and in the mantle wedge decreases over385

time (Movie S1 (a)). Models with the strongest plate coupling and an initial slab dip of386

–14–



manuscript in preparation for JGR: Solid Earth

Figure 6: Viscosity (a,b,c) and velocity (d,e,f) for models with the strongest plate inter-
face coupling and viscosity (g,h,i) and velocity (j,k,l) for models with the weakest plate
interface coupling results for subset of models at time-step = 200. Temperature contours
(thin black lines), 1 × 1019 Pa · s viscosity contour (thick black line), 3.1 × 1019 Pa · s
viscosity contour (thick dashed black line), 1 × 1020 Pa · s viscosity contour (dotted black
line), and velocity vectors (black arrows) are shown .

30◦ and 60◦do not have dynamic weakening at the LAB below 1019 Pa·s through time.387

For model with the strongest plate coupling and an initial slab dip of 45◦, the dynamic388

weakening at the LAB decreases over time. The envelope of low viscosity remains inco-389

herent over time for models with the strongest plate coupling.390

3.2.3 Effect of Initial Slab Dip and Subduction Interface Coupling on391

Weakening in LAB over Time392

Models with an initial slab dip of 30◦ have the thickest weakened LAB region through393

time (Fig. 7(a); Movie S1), with the model using the weakest plate coupling bound hav-394

ing the greatest thickness through time. In the models with an initial slab dip of 45◦,395

the models with the 4 largest plate coupling bound eventually have the thickness of the396

weakened LAB reduced to zero. However, the thickness of the LAB region for the mod-397

els with the two weakest plate coupling bounds becomes thicker through time (Fig. 7(c)).398

For models with an initial dip of 60◦, the thickness of the weakened LAB area decreases399
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Figure 7: Surface plate velocity through time colored by the thickness of weakened LAB
(a,c,e) and depth of the slab tip (b,d,f) for models with an initial slab dip of αi = 30o,
αi = 45o, αi = 60o, respectively, for all plate interface coupling values (3.1 × 1020,
1.0× 1021, 3.1× 1021, 1.0× 1022, 3.1× 1022, 1.0× 1023 Pa · s).

through time and eventually goes to zero, regardless of plate coupling bound (Fig. 7(e);400

Movie S1). Regardless of the initial slab dip, the models with the strongest plate cou-401

pling do not weaken below 1019 Pa · s in the LAB region.402
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Figure 8: (a) Run-time per 2 compute nodes as a function of plate interface coupling
values for time-dependent models. (b) Peak thickness hd19 achieved by each model plotted
against run-time per 2 compute nodes. Note, in both (a) and (b), run-time is specified per
set of 2 compute nodes, with each compute node containing 24 cores. The total hours per
job would be the run-time multiplied by 48.

3.3 Timing Results403

The timing results for the composite viscosity models are plotted in Fig. 8(a). Each404

model was run on 2 compute nodes of the geosolver cluster partition at the Center for405

Computational Research at the University at Buffalo. Each compute node contains 2 In-406

tel Xeon Gold 6126 processors with 12 cores per processor, making a total of 24 cores407

per node. Thus, the total hours per job would be the given run-time multiplied by 48.408

The timing results show that the run-time increases with decreasing plate interface cou-409

pling. The model with an initial dip 30◦ and weakest plate coupling had the highest run-410

time of 72.72 hours per 2 compute nodes. Whereas, the model with the strongest plate411

coupling bound and initial dip of 30◦ took 38.40 hours per 2 compute nodes. The model412

with an initial dip of 60◦ and strongest plate coupling bound ran the fastest, finishing413

in 38.10 hours per 2 compute nodes. The difference in wall-clock time between the mod-414

els with the weakest and the strongest plate coupling bounds is 89.3%, 47.6%, and 15.9%415

for models with an initial slab dip of 30◦, 45◦, and 60◦, respectively.416

The timing results also show that the greater the peak LAB thickness over time,417

the higher the runtime (Fig. 8(b)). The model with the longest runtime (over 70 hours418

per 2 compute nodes) had an initial slab dip of 30◦ and the weakest plate coupling bound419

(3.1× 1020 Pa · s). Models with an initial slab dip of 30◦ and the two strongest plate420

coupling bounds (and that also have no weakening below 1019 Pa · s) have a runtime421

of between 35 and 45 hours. Models with an initial slab dip of 60◦ and the strongest plate422

coupling bounds have the shortest runtime (below 40 hours per 2 compute nodes) and423

the peak thickness below 25 km.424

4 Discussion425

4.1 Trade-off in Driving Forces and Implications for the Nature of the426

LAB427

The evolution of the slab depends, to a first order, on the balance of the driving428

and resisting forces acting at subduction zones (Forsyth & Uyeda, 1975; Stern, 2002).429

Due to the slab’s negative buoyancy, slab pull is the primary driving force (Forsyth &430
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Uyeda, 1975; Billen, 2008). Major resisting forces include mechanical coupling between431

the plates at the plate interface, the down-going plate’s resistance to bending, the vis-432

cous resistance of the asthenosphere, and effects at the transition zone (Forsyth & Uyeda,433

1975; Billen, 2008; Lallemand et al., 2005; Capitanio et al., 2009; Gerya, 2011).434

In this study, we varied the upper bound on the long-term plate interface coupling435

to investigate how the asthenospheric viscosity below the plates and around the slab changed436

in response to resisting forces at the plate interface (Fig. 9). The weakening in the LAB437

region and around the slab dynamically emerged in the models, due to the effects of the438

non-Newtonian viscosity, resulting in less resistance to subduction. The amount of re-439

sistance at the LAB region, slab tip, sub-slab, and mantle wedge varies over time depend-440

ing on the initial slab dip and plate coupling bound. The weaker the imposed plate in-441

terface coupling, the less resistance to subduction and the greater the plate movement,442

which in return leads to an amplified effect of more weakening in the LAB region.443

The depth of the LAB varies from ∼ 70 km beneath oceanic plates to on the or-444

der of 250 km beneath cratons (Rychert & Shearer, 2009; Fischer et al., 2010; Lekic &445

Romanowicz, 2011; Richards et al., 2020). The definition of the depth of LAB varies across446

studies. A common definition is the depth of maximum negative seismic velocity gra-447

dient (Fischer et al., 2010). Surface wave inversion can constrain the LAB depth, but448

S (Shear wave) receiver-functions are sensitive to the sharpness of the LAB (Eaton et449

al., 2009). The thickness of the LAB varies from ≤ 20 km for the wet LAB (relatively450

sharp) to > 50 km for the dry LAB (graduational or diffuse) (Eaton et al., 2009). Our451

models are in broad agreement with the thickness of the LAB. Models with the stronger452

plate interface coupling and deeper initial slab dip either have thin (sharp) dynamically453

weakened LAB or do not weaken below 1019 Pa · s through time (Fig. 7(e)). Models454

with combined shallowest initial slab dip and weakest plate interface coupling have 124.6 km455

thick dynamically weakened LAB zone (Fig. 7(a)), which would be considered thick for456

the LAB.457

The contrast in viscosity can be up to 10 orders of magnitude between the litho-458

sphere and the low viscosity asthenosphere (Doglioni et al., 2011). The reason for the459

low viscosity in the asthenosphere can not be explained by variation in temperature and460

grain size, radial anisotropy, or melt alone (Rychert et al., 2020). Studies show that par-461

tial melt can reduce the seismic velocity, but does not lower the viscosity in the low vis-462

cosity asthenosphere zone (Hua et al., 2023). Our models show that the plate interface463

coupling and initial slab dip can affect the thickness of the low viscosity LAB area. The464

high velocity gradients between the asthenosphere and surface plate movement of the465

down-going plate reduce the viscosity due to the strain-rate dependent weakening of dis-466

location creep. The amount of plate movement varies with respect to the surface plate467

velocity which is correlated to the plate interface coupling and initial slab dip. Thus, the468

models here indicate the weakening in the LAB can be controlled in part by the inter-469

plate coupling.470

4.2 Implications of Dynamically Evolving Viscous Support of the Slab471

Radial viscosity profile of the mantle can be inferred from observations of glacial472

isostatic adjustment (GIA) (Mitrovica & Forte, 2004), crustal uplift rates (Adhikari et473

al., 2021), and geoid anomalies (Mao & Zhong, 2021). Mitrovica and Forte (2004) in-474

ferred the mean value of the viscosity in the upper mantle is 4×1020 Pa·s. If the lit-475

tle ice-age (LIA) mass anomaly, and its uncertainty are considered, then the upper man-476

tle viscosity is found to be in the range of 6− 11× 1019 Pa · s (Adhikari et al., 2021).477

Mantle convection models with plate motion history infer the asthenosphere viscosity478

in the range of 1.3− 4.2× 1019 Pa · s (Mao & Zhong, 2021). Other geoid calculations479

through mantle convection found the asthenosphere viscosity in a similar range (< 5.4−480

34× 1019 Pa · s) (Wang et al., 2019). Mantle flow modeling combined with azimuthal481
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Figure 9: Schematic diagram of the zone of dynamic weakening around the slab and in
the LAB region beneath the down-going plate.

seismic anisotropy and plate motions also infer a weak asthenosphere (Becker, 2017). Con-482

sidering the time-scale (frequency) of the loading/forcing ice masses, the viscosity at 200483

km depth (below the seismic LAB) varies from on the order of 1018 Pa·s (for 10-30 years484

frequency) to 1020 Pa · s (for 10-20 thousand years frequency) (Paxman et al., 2023).485

The upper mantle viscosity inferred by GIA and geophysical observations fit well when486

dislocation creep combined with diffusion creep is used (Garel et al., 2020).487

The models for the parameter sweep of subduction models presented here suggest488

that lateral variations in the viscosity of the asthenosphere may be a common phenomenon.489

This is consistent with previous 2D and 3D models of subduction using a composite vis-490

cosity that also predict asthenospheric viscosity values locally as low as 1018 Pa · s to491

1019 Pa·s (Jadamec & Billen, 2012; Jadamec, 2016a). The locally emergent viscosity492

reduction in the numerical models of subduction extends on the order of 500 km later-493

ally from the slab, but this can vary due to initial slab dip and plate interface coupling494

bound. These values are lower than the global average upper mantle viscosity profiles,495

suggesting the subduction induced reduction in asthensopheric viscosity is significant for496

the force balance on subduction, but may be a localized mantle feature.497

4.3 Implications for the Surface Motion of Tectonic Plates498

Inter-plate coupling is a resisting force that is imposed in this study, whereas, the499

results show that, with the incorporation of the composite viscosity, the mantle’s viscous500

support is a resisting force that dynamically evolves. Previous results show that the vis-501

cous support of the slab affects the surface plate velocity and slab detachment (Andrews502

& Billen, 2009; Burkett & Billen, 2009). We examine the connection between these re-503

sisting forces and surface plate velocity (Fig. 3(d)). The results show that the surface504

plate velocity and the thickness of the dynamically weakened LAB area are positively505

correlated; the greater the thickness of the weakened LAB area, the faster the surface506

plate velocity.507
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The models show that the average surface plate velocity is faster in the presence508

of local weakening at the LAB region. The instantaneous models with an initial slab dip509

of 60◦ are therefore faster than the models with an initial slab dip of 30◦, even though510

there is less weakening present beneath the slab tip for the models with an initial slab511

dip of 60◦, because the instantaneous models with the initial slab dip of 60◦ have more512

weakening in the LAB region. This is true for all instantaneous models with an initial513

slab dip of 30◦ and 60◦, except for the models with the strongest imposed plate coupling514

bound (1× 1023 Pa · s) (Table 4). For models with an imposed plate coupling bound515

of 1 × 1023 Pa · s, models with an initial slab dip of 30◦ and 60◦ failed to weaken be-516

low 1×1019 Pa·s in the LAB area. The time-dependent models show that for models517

with an initial slab dip of 30◦, the surface plate velocity continuously increases and has518

the fastest velocity, unlike the instantaneous models. The slab in models with an initial519

slab dip of 30◦ becomes less coupled to the overriding plate over time as it steepens in520

dip in the time-dependent models, and continues to weaken the LAB region as it subducts.521

An increase in surface plate motion with a decrease in plate interface coupling is522

consistent with the previous analogue studies that show that decreasing mechanic cou-523

pling increases subduction velocity (Duarte et al., 2013, 2015; Osei Tutu et al., 2018).524

However, the results here and in Osei Tutu et al. (2018) also show that the incorpora-525

tion of strain-rate dependent viscosity results in enhanced weakening in the LAB region526

that, in turn, can lead to an increase in surface plate velocity as the plate interface cou-527

pling is decreased. Thus, models using Newtonian viscosity in the asthenosphere may528

under-predict surface plate motion. The models here also highlight how the effect of the529

variation in imposed plate coupling trades off with the initial slab dip. The models here530

show that for instantaneous models (Jadamec, 2016b; MacDougall et al., 2017), those531

initiating with a shallower slab dip may have slower initial surface plate motion because532

there is initially less dynamic weakening in the LAB area. However, the results here show533

that over time, the models with the shallowest initial slab dip resulted in the fastest sur-534

face plate motions due to the dynamic development of weakened LAB area over time.535

Modern subducting plate velocity magnitudes varies from 0 to approximately 10536

cm/yr on the Earth (Schellart & Rawlinson, 2013). The range of observed velocities are537

consistent with the results presented here, except for the set of time-dependent models538

with an initial slab dip of 30◦ and imposed plate coupling bound of 3.1×1020 and 1×539

1021 Pa·s, which exceed the values observed in plate motions on earth today. Here, for540

the models with the weakest plate interface and shallowest initial slab dip, the surface541

plate velocity continuously increases with time which may not occur in modern systems.542

However, in earlier tectonics (64-56 Ma), the Indian plate speed may have exceeded plate543

velocities of 18 cm/yr before the collision with Asia plate (Jurdy & Gordon, 1984; Ku-544

mar et al., 2007; Capitanio, Morra, et al., 2010; Behr & Becker, 2018). However, the mech-545

anism for faster subduction rate provided here and the mechanism for fast India plate546

provided by researchers such as loss of lithospheric roots (Kumar et al., 2007), double547

subduction (Jagoutz et al., 2015), and combination of double subduction and plume push548

(Pusok & Stegman, 2020) are not necessarily the same.549

An implication of the faster subduction velocity, associated with the reduced inter-550

plate coupling and thicker weakened LAB, is that the volume of subducted oceanic ma-551

terial will vary over time due in part to the strain-rate dependent viscosity. This is shown552

in figure 7(b,d,f). As the surface plate velocity increases over time, the depth of the slab553

tip also increases with time, indicating more subducted material over time when a com-554

posite viscosity structure is taken into account.555

4.4 Model Limitations556

In terms of model limitations, our models do not take into account how the 660 km557

discontinuity can affect the speed of the descending plate. Previous models indicate that558
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when the slab tip reaches the discontinuity at 660 km, it can penetrate into the lower559

mantle or lay on the lower mantle boundary and stagnate at the base of the upper man-560

tle (Goes et al., 2017; Č́ıžková et al., 2007; Lallemand et al., 2005; Fukao & Obayashi,561

2013; Sharples et al., 2014; Gerya, 2011). In this study, the initial slab depth is short,562

but approaches the 660 discontinuity over time. Thus although other locations of the slabs563

that are short do occur on Earth (e.g. Alaska, Ryukyu, Lesser Antilles, and New-Hebrides564

subduction zones) (Hayes et al., 2018; Lallemand et al., 2005), when the deep slab and565

slab behaviors at discontinuity are taken into account, plate speed may be lower than566

what our models predicted (Billen & Arredondo, 2018). The models in this study also567

fix the trench location, and thus do not allow for the effects of trench advance or retreat.568

2D models with simplified geometry were utilized in this study, and therefor did569

not account for the variations in the third dimension of plate interface coupling along570

the trench. However, in 3D models, the varying coupling along the trench can have dif-571

ferent effects on the upper plate, as demonstrated in the central versus south Andes in572

Sobolev and Babeyko (2005) and Alaska (Haynie, 2019). In addition, the growth or re-573

duction of grain size may influence rheology and lead to localized weakening in the man-574

tle (Bercovici & Ricard, 2005, 2014; Mulyukova & Bercovici, 2019). While incorporat-575

ing non-Newtonian viscosity into the model presents its own challenges, the models here576

did not include grain size variation.577

Lastly, the presence of significant viscosity gradients within an element poses chal-578

lenges for solvers and can impact solution time (Moresi et al., 1996; Moresi & Soloma-579

tov, 1995; Jadamec et al., 2012). Smaller viscosity contrasts (May & Moresi, 2008) and580

smaller stress variations in the upper mantle (Rudi et al., 2022), lead to faster conver-581

gence rates. In our study, models with a weaker plate interface exhibited longer runtimes.582

The presence of large viscosity gradients arises due to dynamically emergent weakening583

in the LAB region and around the subducting slab. As the plate interface coupling de-584

creases, the dynamic weakening intensifies, resulting in an increase in runtime.585

5 Conclusion586

On Earth, subduction zones have a variation of slab dips and magnitudes of plate587

interface coupling. However, defining the subduction interface is challenging, and how588

plate coupling affects the long-term subduction dynamics is still not well understood.589

A systematic study of 2D time-dependent models varying six values of plate interface590

coupling and three values of initial slab dip were run for 2000 time-steps. The surface591

plate velocity and the thickness of the dynamically weakened LAB were examined. The592

models show that surface plate velocity increases with decreasing plate interface coupling.593

For the instantaneous models, the surface plate velocity peaks for the slab with an ini-594

tial dip of 45◦. In the time-dependent models, the models with an initial slab dip of 30◦595

have the fastest surface plate motion. The results show that thickness of the dynami-596

cally weakened LAB and plate interface coupling are interrelated such that the weaker597

the inter-plate coupling, the thicker the dynamic weakening. The maximum thickness598

of the weakened LAB area achieved is over 120 km by the model with an initial slab dip599

of 30◦ and plate coupling bound of 3.1×1020 Pa·s. The surface plate velocity and dy-600

namic weakening in LAB are also positively correlated. Greater dynamic weakening al-601

lows for a faster subduction plate speed, indicating models that use only a Newtonian602

viscosity may under-predict surface plate motions. The reduced viscous resistance to slab603

sinking facilitates subducting plate motion and mantle flow velocities over time, thus may604

be a critical factor in allowing subduction to occur on Earth. Thus, the models show that605

the dynamically weakened LAB region may be important for facilitating the motion of606

the surface plates.607

Data Availability Statement The CitcomCU source code used to run the mod-608

els is available at https://github.com/vbhavsar16/CitcomCU vbh23609
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Key Points:8

• Decreasing inter-plate coupling leads to increased plate motion and dynamic LAB9

weakening, facilitating subduction and plate tectonics.10

• Subducting plate velocity and thickness of weakened LAB zone are positively cor-11

related due to nonlinear mantle viscosity.12

• Plate velocity and thickness of dynamically weakened LAB peak over time for mod-13

els with initial dip of 30◦ and weakest plate interface.14
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Abstract15

The slab dip and long-term coupling at the plate interface can vary both between and16

within subduction zones. How these variations affect the long-term subduction dynam-17

ics and mantle rheology is important for understanding plate tectonics and its evolution.18

This paper presents two-dimensional (2D) models that examine the surface plate veloc-19

ity and dynamic weakening of the asthenosphere as a function of six values of plate in-20

terface coupling (3.1×1020, 1×1021, 3.1×1021, 1×1022, 3.1×1022, 1.0×1023 Pa·s) and21

three values of initial slab dip (30o, 45o, 60o). The models use a composite viscosity in22

the upper mantle and were run for 2000 time-steps. The instantaneous results show sub-23

ducting plate speed and dynamic weakening at the lithosphere-asthenosphere boundary24

(LAB) increase with decreasing inter-plate coupling, and peak for models with an ini-25

tial dip of 45o. For time-dependent models, subducting plate speed also increases with26

decreasing inter-plate coupling. However, models with an initial slab dip of 30o produce27

the fastest subducting plate speeds over time. The thickness of the dynamically weak-28

ened LAB evolves over the course of subduction. The results indicate the subducting plate29

velocity is correlated not only with the imposed inter-plate coupling, but also with the30

dynamic weakening of the LAB region. The weaker the inter-plate coupling, the easier31

for the slab to descend into the mantle and dynamically weaken the asthenosphere due32

to the strain-rate dependent rheology. This reduced viscous resistance to slab sinking33

facilitates subducting plate and mantle flow over time, thus easing the subduction pro-34

cess of plate tectonics.35

Plain Language Summary36

At subduction zone plate boundaries, the down-going plate slides past the upper37

plate, with plate boundary coupling and the viscosity of the underlying mantle resist-38

ing the downward slab pull of the descending plate. However, how resistance at the plate39

interface affects the dynamic viscous resistance of the asthenosphere at the base of the40

tectonic plates (also referred to as the lithosphere-asthenosphere boundary (LAB)) is less41

understood. A suite of two-dimensional (2D) time-dependent models of subduction were42

run that varied the plate interface coupling and initial slab dip. The numerical models43

of subduction incorporate a laboratory-based strain-rate dependent viscosity for the man-44

tle. High-performance computing is required, with each model run on 48 compute cores.45

The downgoing plate velocity and thickness of the dynamically weakened LAB increase46

with decreasing plate interface coupling. The results show that the surface plate veloc-47

ity and dynamic weakening in LAB are positively correlated. The models indicate that48

dynamic weakening at the LAB can be affected by how coupled the downgoing and over-49

riding plates are to each other and that the resulting LAB weakening is important for50

facilitating plate tectonics.51

1 Introduction52

The coupling between the downgoing and overriding plate along the subduction53

interface, as well as the coupling between a surface plate and underlying asthenosphere,54

are critical parameters controlling the instantaneous and time-dependent dynamics of55

plate tectonics on Earth (Forsyth & Uyeda, 1975; Lallemand et al., 2005; Billen, 2008;56

Gerya, 2011; Duarte et al., 2013). Resistance to subduction at the plate interface, as well57

as the viscous resistance of the asthenosphere to subduction, are key forces that coun-58

teract the driving force of the negative buoyancy of the slab (Forsyth & Uyeda, 1975;59

Lallemand et al., 2005; Billen, 2008; Duarte et al., 2015). However, the resisting forces60

are often conceptualized as independent parameters with respect to one another. Thus,61

how one resisting force may dynamically influence another resisting force is still not well62

understood (Andrews & Billen, 2009; Jadamec & Billen, 2010, 2012; Gao, 2018; Sem-63

ple & Lenardic, 2021).64
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Similarly, the slab pull force is often conceptualized as a driving force subject to65

an independent resistance from a constant viscosity asthenosphere. However, numeri-66

cal models using a non-linearly deforming mantle suggest dynamic feedback between vari-67

able asthenospheric viscosity and the slab (Tovish et al., 1978; Billen & Hirth, 2007). In68

addition, two-dimensional (2D) and three-dimensional (3D) time-dependent and instan-69

taneous models using a composite viscosity suggest that the geometry of the slab may70

influence the extent and magnitude of lateral variability in asthenosphere’s viscous sup-71

port of the slab (Billen & Hirth, 2007; Jadamec & Billen, 2012; Jadamec, 2015, 2016b).72

Thus, the driving and resisting forces of subduction are likely dynamically connected,73

with the feedbacks playing a key role in the subduction process (Billen & Hirth, 2007;74

Stadler et al., 2010; Jadamec & Billen, 2012; Jadamec, 2015, 2016b; Yang & Gurnis, 2016;75

MacDougall et al., 2017; Gao, 2018; Semple & Lenardic, 2021). The purpose of this pa-76

per is to systematically examine the relative influence of and dynamic feedbacks between77

the initial slab dip, viscous coupling along the plate interface, and non-linear response78

of the mantle through a suite of instantaneous and time-dependent 2D subduction mod-79

els using a non-linear rheology.80

In nature, asymmetric down-welling is observed at subduction zones, wherein a down-81

going plate is preferentially subducted into the asthenosphere beneath an overriding plate82

(Uyeda & Kanamori, 1979; Bercovici, 2003; Gerya et al., 2008; Li et al., 2008; Hayes et83

al., 2018; Jadamec et al., 2018). Observations indicate the angle at which the slab subducts84

varies between subduction zones, as well as within a subduction zone (Jarrard, 1986; Lalle-85

mand et al., 2005; Syracuse & Abers, 2006; Hayes et al., 2018; Jadamec et al., 2018). For86

example, South America, Alaska and Mexico contain flat slab subduction segments while87

the Marianas subduction zone has a slab sinking at the angle greater than 70◦(Gutscher88

et al., 2000; Lallemand et al., 2005; Hayes et al., 2018; Jadamec et al., 2018). These vari-89

ations in dip can lead to differences in the spatial extent of inter-plate overlap, environ-90

ment of stress, mantle deformation fabrics, and the magnitude of weakening of a non-91

linear asthenosphere (Wdowinski et al., 1989; Gutscher et al., 2000; Billen & Gurnis, 2001;92

Kneller & Van Keken, 2007; Wada & Wang, 2009; Capitanio & Faccenda, 2012; Jadamec,93

2015; MacDougall et al., 2017).94

At convergent plate boundaries undergoing subduction, the sinking of the down-95

going plate beneath the overriding plate is met with resistance by mechanical coupling96

between the plates along the plate interface (Shreve & Cloos, 1986; Huang et al., 1998;97

Tagawa et al., 2007; Capitanio, Stegman, et al., 2010; Agard et al., 2018). This requires98

that the composition, rock condition, or rheology of the lithosphere has to be such that99

the rigid plates become weak enough to locally allow the subducting plate to slide past100

the overriding plate, whilst maintaining the internal rigidity of the plate interior (Capitanio,101

Stegman, et al., 2010; Tagawa et al., 2007; Bercovici, 2003; Bercovici & Ricard, 2005;102

Lamb & Davis, 2003; Sharples et al., 2016). Different approaches have been implemented103

in numerical models to represent a plate interface that allows for the down-going plate104

to slide past the upper plate, including for example, a damage rheology, an interface with105

and without anisotropic frictional rheology, history dependent rheology with lubrication106

on top of the subducting plate, and imposed weak-zones (Bercovici & Ricard, 2005; Sobolev107

& Babeyko, 2005; Tagawa et al., 2007; Jadamec & Billen, 2012; Sharples et al., 2014; Jadamec,108

2016b; Sharples et al., 2016). In a broad sense, the plate interface zone can be concep-109

tualized as placing a throttle on the rate of subduction. However, how the resistance to110

subduction along the subduction interface may in turn influence the viscous resistance111

of the underlying asthenosphere is still an active area of research (Jadamec & Billen, 2012).112

During subduction, the surface plates must descend through the lithosphere-asthenosphere113

boundary (LAB) before being fully immersed in the asthenosphere. Different methods114

such as surface wave tomography, body wave tomography, reverberation and converted115

phases, and a combination of them are commonly used to constrain the LAB depth and116

characteristics (Eaton et al., 2009; Rychert & Shearer, 2009; Romanowicz, 2009; Fischer117
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et al., 2010; Rychert et al., 2020; Richards et al., 2020; Hua et al., 2023). However, de-118

spite the fact that the LAB is expected to be ubiquitous around the Earth (because it119

separates the outer rheological layer of the Earth, the lithosphere, from the underlying120

asthenosphere), resolving the depth to the LAB, quantifying the thickness of the LAB121

zone, and determining exactly which parameters give the LAB its decoupling properties122

remain elusive (Eaton et al., 2009; Rychert & Shearer, 2009; Romanowicz, 2009; Fischer123

et al., 2010; Rychert et al., 2020; Richards et al., 2020).124

The asthenosphere has relatively low viscosity with the respect to the lithosphere125

and, similar to the lithosphere, can exhibit seismic anisotropy related to deformation fab-126

rics (Mitrovica & Forte, 2004; Long & Silver, 2008; Mao & Zhong, 2021; Adhikari et al.,127

2021). Numerical studies commonly use either a Newtonian, Non-Newtonian, or a com-128

posite viscosity for the rheology of the mantle. Comparison of models of corner flow dy-129

namics show the inclusion of a non-Newtonian viscosity leads to thinning of the upper130

plate above the mantle wedge (van Keken et al., 2008). 2D composite viscosity models,131

which include the dynamic weakening effects of dislocation creep, also predict lateral vari-132

ations in dynamic weakening of the asthenosphere (Billen & Hirth, 2007; Jadamec, 2016b)133

that can facilitate decoupled mantle flow velocity from that of the surface plates in sub-134

duction zones (Jadamec, 2016b; MacDougall et al., 2017; Billen & Arredondo, 2018). In135

addition, 3D modeling indicates that the toroidal flow around the slab edge can be en-136

hanced in intensity when using a using a composite viscosity (Jadamec & Billen, 2010,137

2012). Numerical models have also showed the trade-offs between the stress exponents138

in the non-Newtonian viscosity and the slab strength on global plate velocities (Stadler139

et al., 2010). Thus, numerical models suggest that the viscosity of the asthenosphere can140

have a first order impact on the subduction dynamics and that it can vary in space and141

time (Jadamec & Billen, 2012; Jadamec, 2015, 2016b; Yang & Gurnis, 2016; MacDougall142

et al., 2017; Gao, 2018; Semple & Lenardic, 2021).143

2 Methods144

Computational fluid dynamics (CFD) can be used to model the long-term solid-145

state creeping flow in the mantle (Moresi & Solomatov, 1995; Moresi et al., 1996; Zhong,146

2006). On long-time scales, the Earth’s mantle can be treated as a highly viscous fluid147

(McKenzie et al., 1974; Torrance & Turcotte, 1971). In this paper, we examine the plate148

interface coupling and initial slab dip to address the relative importance on the subduc-149

tion plate velocity, dynamic asthenospheric weakening, and run-time for the non-Newtonian150

instantaneous and time-dependent models. Specifically, 18 time-dependent 2D models151

were run to test the relative effect of (a) three initial slab dip angles (30o, 45o, 60o) and152

(b) six values of the upper bound on plate interface coupling (3.1 × 1020, 1.0 × 1021,153

3.1×1021, 1.0×1022, 3.1×1022, 1.0×1023 Pa ·s) on the surface plate motion and dy-154

namic weakening in the asthenosphere (Table 1). The trade-off between the driving forces155

and the resisting forces, their evolution through time, and how nonlinear viscosity af-156

fects their independence is examined. The models were run with CitcomCU (Zhong, 2006),157

an open-source, parallel finite element program based on CITCOM (Moresi & Soloma-158

tov, 1995). The model mesh and the mapping of the initial thermal and weak zone struc-159

tures onto the mesh were both generated with TECT Mod3D, formerly SlabGenerator or160

SubductionGenerator (Jadamec & Billen, 2010, 2012; Jadamec, 2016b).161

2.1 Viscous Flow Modeling and Governing Equations162

The CFD model approximates the solution of the governing equations with the nec-163

essary boundary and/or initial conditions (Moresi & Solomatov, 1995; Zhong et al., 2015;164

May & Moresi, 2008). The open-source finite element code, CitcomCU, is used to solve165

the conservation of mass, momentum, and energy equations for thermo-mechanical con-166
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vection assuming incompressibility and the Boussinesq approximation:167

∂ui

∂xi
= 0 (1)168

−∂τij
∂xj

+
∂p

∂xi
= αρ0gλi(T − T0) (2)169

∂T

∂t
+ ui

∂T

∂xi
= κ

∂2T

∂x2
j

(3)170

where xi and t are the space coordinates and time, respectively, ui is the velocity, and171

τij , p, T , ρ, g, λi, and α are the stress tensor, pressure, temperature, density, gravita-172

tional acceleration, unit vector in the direction of gravity, and thermal expansion, respec-173

tively (Zhong, 2006; Moresi & Solomatov, 1995). κ is the coefficient of thermal diffusion,174

κ = k/ρcp, where k is the thermal conductivity, and cp is the heat capacity at constant175

Table 1: List of models run. αi and ηUB are the initial slab dip and upper bound on
viscosity at plate interface, respectively. Vsp, hd19, hd19.5, and DST are the average hor-
izontal surface plate velocity of the downgoing plate, thickness of zone of dynamically
weakened LAB viscosity below 1 × 1019 Pa · s at 13◦, and thickness of zone of dynam-
ically weakened LAB viscosity below 3.1 × 1019 Pa · s at 13◦, and deepest depth of the
slab tip, respectively. The subscript M indicates the maximum value achieved. Tp is the
runtime per 2 compute nodes. Each compute node contains two processors with 12 cores
per processor, making a total of 48 cores per job. The total hours per job is Tp × 48.

Model Parameters Varied Instantaneous Results Time-dependent Results

Model

name
α◦
i

ηUB

(Pa · s)
Vsp

( cm
yr

)

hd19

(km)

hd19.5

(km)

(Vsp)M

( cm
yr

)

(hd19)M

(km)

(DST )M

(km)

Tp

(hrs)

Slab30 fc25 30 1.0× 1023 0.12 0 0 0.27 0 280.00 38.40

Slab30 fc37 30 3.1× 1022 0.36 0 28 1.57 0 331.80 44.05

Slab30 fc50 30 1.0× 1022 0.71 0 58.80 9.57 86.80 531.79 62.83

Slab30 fc62 30 3.1× 1021 1.08 0 78.40 13.80 107.80 487.58 65.35

Slab30 fc75 30 1.0× 1021 1.51 0 93.80 21.10 128.80 584.71 72.06

Slab30 fc87 30 3.1× 1020 1.89 5.60 103.60 25.37 135.80 584.71 72.72

Slab45 fc25 45 1.0× 1023 0.92 8.40 92.40 1.14 15.40 331.80 44.18

Slab45 fc37 45 3.1× 1022 1.69 26.60 106.40 2.25 39.20 350.00 42.14

Slab45 fc50 45 1.0× 1022 2.43 39.20 116.20 3.41 54.60 366.01 45.83

Slab45 fc62 45 3.1× 1021 2.96 46.20 123.20 4.40 61.60 388.10 52.87

Slab45 fc75 45 1.0× 1021 3.44 50.40 126 6.44 67.20 457.18 59.31

Slab45 fc87 45 3.1× 1020 3.80 54.60 130.20 12.04 103.60 506.92 65.23

Slab60 fc25 60 1.0× 1023 0.44 0 82.60 0.64 4.20 337.40 38.10

Slab60 fc37 60 3.1× 1022 0.74 11.20 93.80 1.06 25.20 344.40 52.83

Slab60 fc50 60 1.0× 1022 1.07 25.20 106.40 1.46 36.40 351.40 47.72

Slab60 fc62 60 3.1× 1021 1.09 25.20 103.60 1.84 43.40 356.50 52.55

Slab60 fc75 60 1.0× 1021 1.77 40.60 120.40 2.23 49.00 360.80 45.04

Slab60 fc87 60 3.1× 1020 2.17 47.60 128.80 2.52 51.80 366.01 44.17
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pressure (Zhong et al., 2015). CitcomCU uses the full multigrid (FMG) scheme to ac-176

celerate convergence (Zhong, 2006).177

Table 2: Dimensionalization parameters

Parameter Description value
Ra Rayleigh number 2.34× 109

g Gravitational Acceleration, m/s2 9.8
T0 Reference Temperature, K 1673

Tsurf Temperature on top surface, K 273
R Earth radius, km 6371

ηref Reference viscosity, Pa · s 1020

ρ0 Reference density, kg/m3 3300
κ Thermal diffusivity, m2/s 10−6

α Thermal expansion coefficient, 1/K 2× 10−5

The model uses a composite viscosity in the upper mantle and a Newtonian vis-178

cosity in the lower mantle. The viscosity is based on an experimentally derived flow law179

for olivine aggregates (Hirth & Kohlstedt, 2003)180

ηdf,ds =

(
dp

ACr
OH

) 1
n

ε̇
1−n
n exp

[
E + PlV

nR̃(T + Tad)

]
(4)181

where ηdf and ηds are viscosity due to diffusion creep and dislocation creep respectively,182

R̃ is the universal gas constant, T is a non-adiabatic temperature, Tad is the adiabatic183

temperature, Pl is the lithostatic pressure, and the other parameters are as defined in184

Table 3.185

For the diffusion creep of olivine, the strain-rate depends linearly on the stress but186

depends non-linearly on the grain size (Hirth & Kohlstedt, 2003). Whereas, for dislo-187

cation creep, the strain-rate depends non-linearly on the stress and does not depend on188

grain size (Hirth & Kohlstedt, 2003). Both dislocation creep and diffusion creep are sen-189

sitive to parameters including temperature, pressure, stain-rate, OH concentration, and190

grain size (Table 3, Eq. 4)(Hirth & Kohlstedt, 2003).191

As diffusion and dislocation creep can occur simultaneously, and assuming the to-192

tal strain rate is an additive contribution from each (Hall & Parmentier, 2003), the com-193

Table 3: Creep parameters for wet olivine in the upper mantle used in the composite vis-
cosity formulation (Hirth & Kohlstedt, 2003; Billen & Hirth, 2007).

Parameter Description Diffusion creep Dislocation creep
A Preexponential factor 1 9× 10−20

n Stress exponent 1 3.5
d Grain size, µm 104 -
p Grain size exponent 3 -

COH OH concentration, H/106Si 1000 1000
r COH exponent 1 1.2
E Activation energy, KJ/mol 335 480
V Activation volume, m3/mol 4× 10−6 11× 10−6
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posite viscosity, ηcomp, (Hirth & Kohlstedt, 2004; Jadamec & Billen, 2010) can be de-194

fined by195

ηcomp =
ηdf ηds
ηdf + ηds

. (5)196

The models also use a depth-dependent yield stress, σy, that linearly increases with depth197

at a gradient of 15 MPa per km. Thus, the overall effective viscosity ηeff is equal to198

ηcomp if σII < σy, and
σy

ε̇II
if σII > σy (Billen & Hirth, 2007; Jadamec & Billen, 2010).199

2.2 Model Design and Constitutive Equations200

The model setup, mesh, and initial thermal structure are constructed with TECT Mod3D201

(formerly SlabGenerator or SubductionGenerator (Jadamec & Billen, 2010; Jadamec et202

al., 2012)). TECT Mod3D uses either a plate cooling or half-space cooling model, combined203

with diffusion length scale adjustments, to define the initial thermal structure.204

2.2.1 Model Setup205

18 time-dependent models (Fig. 1(a), Table 1) were run that tested 3 initial sub-206

duction angles (Fig. 1(b-d)) and 6 values of plate interface coupling (Fig. 1(e-j)). The207

model domain, mesh, initial thermal structure, and slab geometry are from Jadamec (2016b).208

The model includes an overriding plate, subducting plate, and a mantle. The 2D model209

domain spans from 0◦-45◦ in longitude and 2500 km in depth (Jadamec, 2016b)). The210

top boundary (surface) and the bottom boundary of the model are located at 6371.13 km211

and at 3871.13 km respectively, calculated from the center of the Earth (Fig. 1(a)), form-212

ing a model thickness of 2500 km. The model has 1248×480 elements in the longitude213

and radial direction respectively, with locally a refined mesh in the subduction zone re-214

gion (Jadamec, 2016b). In the longitudinal direction, the element size is 0.016◦ (∼ 1.7 km)215

at the trench and it coarsens outwards to 0.1525◦ (∼ 16 km). In depth, the element size216

is 1.4 km for the upper 350 km and coarsens to 15 km in the lower mantle.217

The dimensionalization parameters for the models in CitcomCU are defined in Ta-218

ble 2. Free slip conditions are applied to the model top, bottom, and sidewalls and the219

top and bottom of the model have a fixed temperature boundary condition. The max-220

imum temperature allowed inside of the model domain and at the mantle-core bound-221

ary is 1400 oC (non-dimensionalised temperature = 1). Therefore, we applied a temper-222

ature restriction in the Petrov-Galerkin time stepping function in the CitcomCU to cap223

the maximum temperature at 1.224

The initial condition is required for temperature as the first-order time derivative225

is presented in the energy equation, Eq. 3. The initial thermal structure shown in Fig.226

1(b-d) is proportional to the age of the overriding and subducting plates. The half-space227

cooling model is used in SlabGenerator (Jadamec & Billen, 2012) to determine the ini-228

tial thermal field. This study uses three initial slab dips (30◦, 45◦ and 60◦) following Jadamec229

(2016b). Models with an initial slab dip of 30◦ have shallower slab depth at the start of230

subduction. At the start of the subduction, models with an initial slab dip of 45◦ have231

an intermediate slab depth while models with an initial slab dip of 60◦ have deeper slab232

depth (Jadamec, 2016b).233

2.2.2 Plate Interface Shear Zone234

The plate interface and the trailing edge of the subducting plate have an imposed235

weak-zone, ηwk, following the implementation in Jadamec et al. (2012); Jadamec (2009).236

The viscosity implemented at the interface is defined as237

ηwk = ηref10
[(log10(ηeff/ηref ))(1−Awk)] (6)238
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where ηwk is a upper bound on the imposed weak-zone, ηref is the reference viscosity,239

and Awk is a scalar weak-zone field. Awk = 0 means there is no imposed weak plate240

interface, whereas Awk = 1 represents a fully imposed weak plate interface.241

Figure 1: Model set-up. (a) Model domain, shown with Newtonian viscosity in
color. Solid-line outlines zoomed-in region shown in results section. Dashed-line out-
lines zoomed-in region shown in model set-up (b-j). (b,c,d) Initial temperature from
TECT Mod3D input to CitcomCU for the three initial slab dips used, shown for subset
of model domain. (e-j) Plate interface weak field from TECT Mod3D input to CitcomCU
plate for six plate coupling bounds used, shown for subset of model domain.
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The weak-zone field, Awk, is mapped on the mesh nodes a priori using a sigma func-242

tion (Jadamec et al., 2012) (Fig. 1(e-j)). The 2D models presented here examined six243

different weak-zone fields along the plate interface. This parameter sweep is listed in Ta-244

ble 1, where column 2 represents the initial slab dip and column 3 represents the plate245

coupling bound in CitcomCU.246

3 Results247

The results of the instantaneous models and time dependent models are presented248

in Sections 3.1 and 3.2, respectively. The predicted flow velocity in the mantle, surface249

plate velocity, and thickness of the dynamically weakened asthenosphere are analyzed250

as functions of the initial slab dip and variable plate coupling.251

3.1 Instantaneous Subduction Modeling Results252

3.1.1 Newtonian Versus Composite Viscosity253

Figure 2 shows a comparison of the flow velocity, strain rate, and viscosity for mod-254

els using a Newtonian upper mantle versus a composite viscosity upper mantle. The vis-255

cosity for the models with the Newtonian viscosity formulation varies only with depth256

and does not dynamically weaken below 1019 Pa·s (Fig. 2(a), right). Models with the257

Newtonian viscosity formulation have smaller velocity gradients around the slab. Ad-258

ditionally, these models show lower magnitudes of velocity, as illustrated in Fig. 2(a).259

The strain-rate for this model is also smaller (Fig. 2(b)). In contrast, models using the260

composite viscosity formulation show faster velocity magnitudes, higher strain-rate, and261

a dynamically weakened viscosity, similar to previous results (Jadamec & Billen, 2010;262

Jadamec, 2016b) as shown in Figure 2(d-f). The mantle velocity magnitude is highest263

for composite viscosity models with an initial slab dip of 45◦. In both Newtonian and264

composite viscosity models, large flow velocity gradients emerge in the asthenosphere around265

the slab and beneath the surface part of the down-doing plate in the lithosphere-asthenosphere266

boundary (LAB) region.267

As many previous studies have already explored models using a Newtonian viscos-268

ity, all results hereafter are for the models using the composite viscosity upper mantle.269

We refer the reader to previous studies that examined comparisons with a Newtonian270

upper mantle rheology (Jadamec & Billen, 2010; Jadamec, 2016b), as this is beyond the271

scope of this paper.272

3.1.2 Effect of Initial Slab Dip and Subduction Interface Coupling on273

Surface Plate velocity274

The horizontal surface plate velocity is plotted as a function of imposed plate cou-275

pling bound for three initial slab dips in Fig. 3(a). The horizontal velocity on the sur-276

face grid nodes of the subducting plate is averaged to determine the average surface plate277

velocity. The surface plate velocity increases as the plate interface coupling decreases.278

Models with a plate interface bound of 1×1023 Pa ·s have the slowest horizontal sur-279

face plate velocity (0.1−0.9 cm/yr) (Figures 3(a), 4(d-f)). Models with a plate inter-280

face bound of 3.1×1020 Pa·s have the fastest (1.8−3.8 cm/yr) surface plate velocity281

(Figures 3(a), 4(j-l)).282

The results show that surface plate velocity is also sensitive to the initial slab dip283

(Figures 3(a) and 4). The surface plate velocity is slowest for models with an initial slab284

dip of 30◦and is fastest for models with an initial slab dip of 45◦. The difference in the285

speed for models with a slab dip of 45◦ is greater than for models with an initial slab286

dip of 30◦. For models with an initial slab dip of 30◦, the difference in surface plate ve-287

locity between the models with the strongest and weakest plate coupling is 1.76 cm/yr288
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Figure 2: Instantaneous flow velocity magnitude, second invariant of strain-rate, and
viscosity for model Slab45 fc62 with (a,b,c) Newtonian and (d,e,f) composite viscosity
formulation for the upper mantle.

(93.7%). For models with an initial slab dip of 45◦, the difference in surface plate veloc-289

ity between the models with the strongest and weakest plate coupling reduces to 2.88 cm/yr290

(75.7%). For models with an initial slab dip of 60◦, the difference in velocity between291

the models with the strongest and weakest plate coupling is 1.72 cm/yr (79.6%).292

3.1.3 Effect of Initial Slab Dip and Plate Interface Coupling on Astheno-293

spheric Viscosity294

The mantle viscosity is dynamically reduced in the regions of high strain-rate around295

the slab and in the LAB region due to the effects of the composite viscosity formulation.296

Both the initial slab dip and plate interface coupling have an impact on the dimension297

and intensity of the zones of dynamic weakening. Overall, models with an initial slab298

dip of 45◦ achieved the highest amount of dynamic weakening (Fig. 4(h)). In addition,299

the zone of weakening around the slab and at the LAB is wider and thicker overall for300

models with the lowest plate interface bound (3.1×1020 Pa·s) (Fig. 4(g-i)) and smaller301

for models with the highest plate interface bound (1× 1023 Pa · s) (Fig. 4(a-c)).302

When the weakened asthenosphere in the sub-slab corner, below the slab tip, and303

in the mantle wedge is fully connected, a coherent envelope of low viscosity forms around304

the slab. We outline the coherence of the dynamic weakening in the asthenosphere with305

the 1019 Pa · s and 3.1× 1019 Pa · s contours (Fig. 4). Table 4 shows the induced dy-306

namic weakening (≤ 1019 Pa·s) in the sub-slab corner, mantle wedge, and beneath the307

slab tip for the instantaneous composite viscosity models. The rightmost column in Ta-308

ble 4 indicates whether there is weakening at the LAB region of the down-going plate.309

For models with a plate interface bound of 1×1023 Pa·s, the zone of weakening is more310

coherent for the models with an initial slab dip of 45◦and less coherent for models with311

an initial slab dip of 30◦ and 60◦(Fig. 4(a-c)). For models with a plate interface bound312

of 3.1 × 1020 Pa · s, models with an initial slab dip of 30◦ and 45◦ have the coherent313

zone of weakening (Fig. 4(g,h)). Models with an initial slab dip of 60◦ do not have weak-314

ening beneath the slab tip, regardless of plate coupling bound (Fig. 4(c,i)).315
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Figure 3: Predicted (a) surface plate velocity and (b, c) thickness of weakened astheno-
sphere to (hd19) and (hd19.5), respectfully, plotted as a function of imposed plate coupling
bound for instantaneous models. (d) Predicted surface plate velocity plotted as a function
of resulting hd19.5 for instantaneous models. (∗∗) case shown in Fig. 4(a-f) and (∗) case
shown in Fig. 4(g-l).

To examine the dynamic reduction in viscosity at the LAB beneath the down-going316

plate outboard of the trench, viscosity profiles at 13◦ latitude are extracted for all mod-317

els (Figure 5). The profiles show the viscosity in the LAB is dynamically weakened be-318

low 3.1×1019 Pa·s for all of the models with an initial slab dip of 45◦ and 60◦(Figure319

5). Models with an initial slab dip of 30◦ have a minimum viscosity less than 3.1×1019 Pa·320

s for all of the models, except for the model with the strongest plate coupling. However,321

for models with an initial slab dip of 30◦, the minimum viscosity is not below 1×1019 Pa·322

s for all the models except for the model with the weakest plate coupling.323

To further quantify the dynamically emergent weakening in the LAB region un-324

der the down-going plate, the thickness (hd19) of the viscosity weakened below 1×1019 Pa·325

s and 3.1 × 1019 Pa · s at 13◦ longitude is measured. The quantification of the thick-326

ness of the dynamically weakened region beneath the down-going plate at the LAB and327

surface plate velocity is as depicted in Figure 5(a). The thickness is plotted as a func-328

tion of plate coupling in Fig. 3(b,c) for the three initial slab dips. The thickness of the329

weakened LAB area (hd19) increases with decreasing plate coupling (8.3 km to 54.6 km330

for models with an initial slab dip of 45◦) (Fig. 3(b)). Similarly, the thickness of the weak-331
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Figure 4: Viscosity (a,b,c) and velocity (d,e,f) results for instantaneous models with
the strongest plate coupling and viscosity (g,h,i) and velocity (j,k,l) results for instanta-
neous models with the weakest plate coupling. Temperature contours (thin black lines),
1 × 1019 Pa · s viscosity contour (thick black line), 3.1 × 1019 Pa · s viscosity contour
(thick dashed black line), 1× 1020 Pa · s viscosity contour (dotted black line), and velocity
vectors (black arrows) are shown.
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ened LAB area (hd19.5) considering the viscosity below 3.1×1019 Pa·s increases with332

decreasing plate coupling (Fig. 3(c)). However, the hd19.5 is up to an order of magni-333

tude thicker than the hd19. For models with an imposed plate interface bound of 3.1×334

1020 Pa ·s, models with an initial slab dip of 45◦ have the thickest LAB area (hd19 =335

54.6 km), and models with an initial slab dip of 30◦ have the thinnest thickness of weak-336

ened LAB area (hd19 = 5.6 km). The difference in the thickness of the weakened as-337

Table 4: Regions of dynamically induced weakening below 1019 Pa · s in the instantaneous
models using the composite viscosity.
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Slab30 fc25 Yes Yes Yes No No
Slab30 fc37 Yes Yes Yes No No
Slab30 fc50 Yes Yes Yes No No
Slab30 fc62 Yes Yes Yes No No
Slab30 fc75 Yes Yes Yes Yes No
Slab30 fc87 Yes Yes Yes Yes Yes
Slab45 fc25 Yes Yes Yes Yes Yes
Slab45 fc37 Yes Yes Yes Yes Yes
Slab45 fc50 Yes Yes Yes Yes Yes
Slab45 fc62 Yes Yes Yes Yes Yes
Slab45 fc75 Yes Yes Yes Yes Yes
Slab45 fc87 Yes Yes Yes Yes Yes
Slab60 fc25 Yes Yes No No No
Slab60 fc37 Yes Yes No No Yes
Slab60 fc50 Yes Yes No No Yes
Slab60 fc62 Yes Yes No No Yes
Slab60 fc75 Yes Yes No No Yes
Slab60 fc87 Yes Yes No No Yes

Figure 5: (a) Diagram illustrating input plate coupling bound and output quantities
measured. Viscosity envelope (thick solid and dashed lines) shown in Figs. 2, 4, and 6.
Viscosity profiles through all the models at 13◦ latitude to 700 km depth (b) show dy-
namic weakening in the LAB beneath the subducting plate with (c) zoomed-in plot of
LAB region. Vertical solid and dashed black lines in (c) mark viscosity of 3.1 × 1019 and
1× 1019 Pa · s, respectively.
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thenosphere (hd19) between the models with the weakest and strongest plate coupling338

is larger for models with an initial slab dip of 45◦ and 60◦ than for models with an ini-339

tial slab dip of 30◦. For models using an initial slab dip of 30◦, only the model with the340

weakest plate coupling (3.1×1020 Pa·s) was able to achieve the viscosity below 1019 Pa·341

s and achieved only a 5.6 km thickness (hd19). In addition, models with an initial slab342

dip of 30◦, except for the model with the weakest interface coupling (3.1 × 1020 Pa ·343

s), failed to get weakened below 1× 1019 Pa · s.344

3.2 Time-dependent Subduction Modeling Results345

The time-dependent results show that asthenospheric flow velocity, the surface plate346

velocity, and the thickness of the dynamically weakened LAB area vary in time. For mod-347

els with a plate interface coupling of 1×1023 Pa ·s, the mantle velocity speeds up for348

models with an initial slab dip of 30◦ and 60◦ through time (Movie S1 (b)). For mod-349

els with a plate interface coupling of 1× 1023 Pa · s and an initial slab dip of 45◦, the350

mantle velocity is faster initially, however, the mantle velocity gets slower through time351

(Movie S1 (b)). In addition, the coherence of dynamic weakening around the slab varies352

in lateral extent through time (Supp. Info, Movie S1; Fig. 6). The effects of an initial353

slab dip and plate interface coupling on the surface plate velocity (Section 3.2.1), coher-354

ent zone of weakening (Section 3.2.2), and dynamic weakening at LAB area (Section 3.2.3)355

are described in the following subsections.356

3.2.1 Effect of Initial Slab Dip and Subduction Interface Coupling on357

Surface Plate Velocity over Time358

The surface plate velocity for all models with an initial slab dip of 30◦ increases359

through time except for the models with strongest imposed plate coupling bounds (1×360

1023 Pa · s) (Fig. 7(a)). The surface plate velocity for models with an initial slab dip361

of 30◦ increases more rapidly for models with weaker plate coupling bounds. The model362

with an initial dip of 30◦ and a weakest plate coupling achieved more than 20 cm/yr sur-363

face plate speed. Unlike in the instantaneous results, the surface plate velocity is fastest364

over time for models with an initial slab dip of 30◦(Fig. 7(a)). The surface plate veloc-365

ity for models with an initial slab dip of 45◦ increases with time for the models with the366

three weakest interface coupling bounds; whereas, the surface plate velocity decreases367

through time for the models with the three strongest plate coupling bounds (Fig. 7(c)).368

The surface plate velocity for all models with an initial slab dip of 60◦ decreases through369

time (Fig. 7(e)). Models with an initial slab dip of 60◦ have the lowest speed compared370

to models with an initial slab dip of 30◦ and 45◦.371

3.2.2 Effect of Initial Slab Dip and Plate Interface Coupling on Astheno-372

spheric Viscosity over Time373

The amount of weakening at the LAB increases over time for models with the weak-374

est plate coupling and an initial slab dip of 30◦ and 45◦(Movie S1 (c)). For models with375

the weakest plate coupling and an initial slab dip of 30◦ and 45◦, the dynamic weaken-376

ing in the sub-slab corner and in the mantle wedge increases and then decreases over time.377

The coherent envelope of low viscosity becomes incoherent over time for models with the378

weakest plate coupling and an initial slab dip of 30◦ and 45◦. For model with the weak-379

est plate coupling model and an initial slab dip of 60◦, the dynamic weakening at the380

LAB, in the sub-slab corner, and in the mantle wedge decreases over time (Movie S1 (c)).381

Model with the weakest plate coupling model and an initial slab dip of 60◦do not have382

dynamic weakening beneath the slab tip. The envelope of low viscosity stays incoher-383

ent throughout the process of subduction. For models with the strongest plate coupling,384

the dynamic weakening in the sub-slab corner and in the mantle wedge decreases over385

time (Movie S1 (a)). Models with the strongest plate coupling and an initial slab dip of386
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Figure 6: Viscosity (a,b,c) and velocity (d,e,f) for models with the strongest plate inter-
face coupling and viscosity (g,h,i) and velocity (j,k,l) for models with the weakest plate
interface coupling results for subset of models at time-step = 200. Temperature contours
(thin black lines), 1 × 1019 Pa · s viscosity contour (thick black line), 3.1 × 1019 Pa · s
viscosity contour (thick dashed black line), 1 × 1020 Pa · s viscosity contour (dotted black
line), and velocity vectors (black arrows) are shown .

30◦ and 60◦do not have dynamic weakening at the LAB below 1019 Pa·s through time.387

For model with the strongest plate coupling and an initial slab dip of 45◦, the dynamic388

weakening at the LAB decreases over time. The envelope of low viscosity remains inco-389

herent over time for models with the strongest plate coupling.390

3.2.3 Effect of Initial Slab Dip and Subduction Interface Coupling on391

Weakening in LAB over Time392

Models with an initial slab dip of 30◦ have the thickest weakened LAB region through393

time (Fig. 7(a); Movie S1), with the model using the weakest plate coupling bound hav-394

ing the greatest thickness through time. In the models with an initial slab dip of 45◦,395

the models with the 4 largest plate coupling bound eventually have the thickness of the396

weakened LAB reduced to zero. However, the thickness of the LAB region for the mod-397

els with the two weakest plate coupling bounds becomes thicker through time (Fig. 7(c)).398

For models with an initial dip of 60◦, the thickness of the weakened LAB area decreases399

–15–



manuscript in preparation for JGR: Solid Earth

Figure 7: Surface plate velocity through time colored by the thickness of weakened LAB
(a,c,e) and depth of the slab tip (b,d,f) for models with an initial slab dip of αi = 30o,
αi = 45o, αi = 60o, respectively, for all plate interface coupling values (3.1 × 1020,
1.0× 1021, 3.1× 1021, 1.0× 1022, 3.1× 1022, 1.0× 1023 Pa · s).

through time and eventually goes to zero, regardless of plate coupling bound (Fig. 7(e);400

Movie S1). Regardless of the initial slab dip, the models with the strongest plate cou-401

pling do not weaken below 1019 Pa · s in the LAB region.402
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Figure 8: (a) Run-time per 2 compute nodes as a function of plate interface coupling
values for time-dependent models. (b) Peak thickness hd19 achieved by each model plotted
against run-time per 2 compute nodes. Note, in both (a) and (b), run-time is specified per
set of 2 compute nodes, with each compute node containing 24 cores. The total hours per
job would be the run-time multiplied by 48.

3.3 Timing Results403

The timing results for the composite viscosity models are plotted in Fig. 8(a). Each404

model was run on 2 compute nodes of the geosolver cluster partition at the Center for405

Computational Research at the University at Buffalo. Each compute node contains 2 In-406

tel Xeon Gold 6126 processors with 12 cores per processor, making a total of 24 cores407

per node. Thus, the total hours per job would be the given run-time multiplied by 48.408

The timing results show that the run-time increases with decreasing plate interface cou-409

pling. The model with an initial dip 30◦ and weakest plate coupling had the highest run-410

time of 72.72 hours per 2 compute nodes. Whereas, the model with the strongest plate411

coupling bound and initial dip of 30◦ took 38.40 hours per 2 compute nodes. The model412

with an initial dip of 60◦ and strongest plate coupling bound ran the fastest, finishing413

in 38.10 hours per 2 compute nodes. The difference in wall-clock time between the mod-414

els with the weakest and the strongest plate coupling bounds is 89.3%, 47.6%, and 15.9%415

for models with an initial slab dip of 30◦, 45◦, and 60◦, respectively.416

The timing results also show that the greater the peak LAB thickness over time,417

the higher the runtime (Fig. 8(b)). The model with the longest runtime (over 70 hours418

per 2 compute nodes) had an initial slab dip of 30◦ and the weakest plate coupling bound419

(3.1× 1020 Pa · s). Models with an initial slab dip of 30◦ and the two strongest plate420

coupling bounds (and that also have no weakening below 1019 Pa · s) have a runtime421

of between 35 and 45 hours. Models with an initial slab dip of 60◦ and the strongest plate422

coupling bounds have the shortest runtime (below 40 hours per 2 compute nodes) and423

the peak thickness below 25 km.424

4 Discussion425

4.1 Trade-off in Driving Forces and Implications for the Nature of the426

LAB427

The evolution of the slab depends, to a first order, on the balance of the driving428

and resisting forces acting at subduction zones (Forsyth & Uyeda, 1975; Stern, 2002).429

Due to the slab’s negative buoyancy, slab pull is the primary driving force (Forsyth &430
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Uyeda, 1975; Billen, 2008). Major resisting forces include mechanical coupling between431

the plates at the plate interface, the down-going plate’s resistance to bending, the vis-432

cous resistance of the asthenosphere, and effects at the transition zone (Forsyth & Uyeda,433

1975; Billen, 2008; Lallemand et al., 2005; Capitanio et al., 2009; Gerya, 2011).434

In this study, we varied the upper bound on the long-term plate interface coupling435

to investigate how the asthenospheric viscosity below the plates and around the slab changed436

in response to resisting forces at the plate interface (Fig. 9). The weakening in the LAB437

region and around the slab dynamically emerged in the models, due to the effects of the438

non-Newtonian viscosity, resulting in less resistance to subduction. The amount of re-439

sistance at the LAB region, slab tip, sub-slab, and mantle wedge varies over time depend-440

ing on the initial slab dip and plate coupling bound. The weaker the imposed plate in-441

terface coupling, the less resistance to subduction and the greater the plate movement,442

which in return leads to an amplified effect of more weakening in the LAB region.443

The depth of the LAB varies from ∼ 70 km beneath oceanic plates to on the or-444

der of 250 km beneath cratons (Rychert & Shearer, 2009; Fischer et al., 2010; Lekic &445

Romanowicz, 2011; Richards et al., 2020). The definition of the depth of LAB varies across446

studies. A common definition is the depth of maximum negative seismic velocity gra-447

dient (Fischer et al., 2010). Surface wave inversion can constrain the LAB depth, but448

S (Shear wave) receiver-functions are sensitive to the sharpness of the LAB (Eaton et449

al., 2009). The thickness of the LAB varies from ≤ 20 km for the wet LAB (relatively450

sharp) to > 50 km for the dry LAB (graduational or diffuse) (Eaton et al., 2009). Our451

models are in broad agreement with the thickness of the LAB. Models with the stronger452

plate interface coupling and deeper initial slab dip either have thin (sharp) dynamically453

weakened LAB or do not weaken below 1019 Pa · s through time (Fig. 7(e)). Models454

with combined shallowest initial slab dip and weakest plate interface coupling have 124.6 km455

thick dynamically weakened LAB zone (Fig. 7(a)), which would be considered thick for456

the LAB.457

The contrast in viscosity can be up to 10 orders of magnitude between the litho-458

sphere and the low viscosity asthenosphere (Doglioni et al., 2011). The reason for the459

low viscosity in the asthenosphere can not be explained by variation in temperature and460

grain size, radial anisotropy, or melt alone (Rychert et al., 2020). Studies show that par-461

tial melt can reduce the seismic velocity, but does not lower the viscosity in the low vis-462

cosity asthenosphere zone (Hua et al., 2023). Our models show that the plate interface463

coupling and initial slab dip can affect the thickness of the low viscosity LAB area. The464

high velocity gradients between the asthenosphere and surface plate movement of the465

down-going plate reduce the viscosity due to the strain-rate dependent weakening of dis-466

location creep. The amount of plate movement varies with respect to the surface plate467

velocity which is correlated to the plate interface coupling and initial slab dip. Thus, the468

models here indicate the weakening in the LAB can be controlled in part by the inter-469

plate coupling.470

4.2 Implications of Dynamically Evolving Viscous Support of the Slab471

Radial viscosity profile of the mantle can be inferred from observations of glacial472

isostatic adjustment (GIA) (Mitrovica & Forte, 2004), crustal uplift rates (Adhikari et473

al., 2021), and geoid anomalies (Mao & Zhong, 2021). Mitrovica and Forte (2004) in-474

ferred the mean value of the viscosity in the upper mantle is 4×1020 Pa·s. If the lit-475

tle ice-age (LIA) mass anomaly, and its uncertainty are considered, then the upper man-476

tle viscosity is found to be in the range of 6− 11× 1019 Pa · s (Adhikari et al., 2021).477

Mantle convection models with plate motion history infer the asthenosphere viscosity478

in the range of 1.3− 4.2× 1019 Pa · s (Mao & Zhong, 2021). Other geoid calculations479

through mantle convection found the asthenosphere viscosity in a similar range (< 5.4−480

34× 1019 Pa · s) (Wang et al., 2019). Mantle flow modeling combined with azimuthal481
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Figure 9: Schematic diagram of the zone of dynamic weakening around the slab and in
the LAB region beneath the down-going plate.

seismic anisotropy and plate motions also infer a weak asthenosphere (Becker, 2017). Con-482

sidering the time-scale (frequency) of the loading/forcing ice masses, the viscosity at 200483

km depth (below the seismic LAB) varies from on the order of 1018 Pa·s (for 10-30 years484

frequency) to 1020 Pa · s (for 10-20 thousand years frequency) (Paxman et al., 2023).485

The upper mantle viscosity inferred by GIA and geophysical observations fit well when486

dislocation creep combined with diffusion creep is used (Garel et al., 2020).487

The models for the parameter sweep of subduction models presented here suggest488

that lateral variations in the viscosity of the asthenosphere may be a common phenomenon.489

This is consistent with previous 2D and 3D models of subduction using a composite vis-490

cosity that also predict asthenospheric viscosity values locally as low as 1018 Pa · s to491

1019 Pa·s (Jadamec & Billen, 2012; Jadamec, 2016a). The locally emergent viscosity492

reduction in the numerical models of subduction extends on the order of 500 km later-493

ally from the slab, but this can vary due to initial slab dip and plate interface coupling494

bound. These values are lower than the global average upper mantle viscosity profiles,495

suggesting the subduction induced reduction in asthensopheric viscosity is significant for496

the force balance on subduction, but may be a localized mantle feature.497

4.3 Implications for the Surface Motion of Tectonic Plates498

Inter-plate coupling is a resisting force that is imposed in this study, whereas, the499

results show that, with the incorporation of the composite viscosity, the mantle’s viscous500

support is a resisting force that dynamically evolves. Previous results show that the vis-501

cous support of the slab affects the surface plate velocity and slab detachment (Andrews502

& Billen, 2009; Burkett & Billen, 2009). We examine the connection between these re-503

sisting forces and surface plate velocity (Fig. 3(d)). The results show that the surface504

plate velocity and the thickness of the dynamically weakened LAB area are positively505

correlated; the greater the thickness of the weakened LAB area, the faster the surface506

plate velocity.507
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The models show that the average surface plate velocity is faster in the presence508

of local weakening at the LAB region. The instantaneous models with an initial slab dip509

of 60◦ are therefore faster than the models with an initial slab dip of 30◦, even though510

there is less weakening present beneath the slab tip for the models with an initial slab511

dip of 60◦, because the instantaneous models with the initial slab dip of 60◦ have more512

weakening in the LAB region. This is true for all instantaneous models with an initial513

slab dip of 30◦ and 60◦, except for the models with the strongest imposed plate coupling514

bound (1× 1023 Pa · s) (Table 4). For models with an imposed plate coupling bound515

of 1 × 1023 Pa · s, models with an initial slab dip of 30◦ and 60◦ failed to weaken be-516

low 1×1019 Pa·s in the LAB area. The time-dependent models show that for models517

with an initial slab dip of 30◦, the surface plate velocity continuously increases and has518

the fastest velocity, unlike the instantaneous models. The slab in models with an initial519

slab dip of 30◦ becomes less coupled to the overriding plate over time as it steepens in520

dip in the time-dependent models, and continues to weaken the LAB region as it subducts.521

An increase in surface plate motion with a decrease in plate interface coupling is522

consistent with the previous analogue studies that show that decreasing mechanic cou-523

pling increases subduction velocity (Duarte et al., 2013, 2015; Osei Tutu et al., 2018).524

However, the results here and in Osei Tutu et al. (2018) also show that the incorpora-525

tion of strain-rate dependent viscosity results in enhanced weakening in the LAB region526

that, in turn, can lead to an increase in surface plate velocity as the plate interface cou-527

pling is decreased. Thus, models using Newtonian viscosity in the asthenosphere may528

under-predict surface plate motion. The models here also highlight how the effect of the529

variation in imposed plate coupling trades off with the initial slab dip. The models here530

show that for instantaneous models (Jadamec, 2016b; MacDougall et al., 2017), those531

initiating with a shallower slab dip may have slower initial surface plate motion because532

there is initially less dynamic weakening in the LAB area. However, the results here show533

that over time, the models with the shallowest initial slab dip resulted in the fastest sur-534

face plate motions due to the dynamic development of weakened LAB area over time.535

Modern subducting plate velocity magnitudes varies from 0 to approximately 10536

cm/yr on the Earth (Schellart & Rawlinson, 2013). The range of observed velocities are537

consistent with the results presented here, except for the set of time-dependent models538

with an initial slab dip of 30◦ and imposed plate coupling bound of 3.1×1020 and 1×539

1021 Pa·s, which exceed the values observed in plate motions on earth today. Here, for540

the models with the weakest plate interface and shallowest initial slab dip, the surface541

plate velocity continuously increases with time which may not occur in modern systems.542

However, in earlier tectonics (64-56 Ma), the Indian plate speed may have exceeded plate543

velocities of 18 cm/yr before the collision with Asia plate (Jurdy & Gordon, 1984; Ku-544

mar et al., 2007; Capitanio, Morra, et al., 2010; Behr & Becker, 2018). However, the mech-545

anism for faster subduction rate provided here and the mechanism for fast India plate546

provided by researchers such as loss of lithospheric roots (Kumar et al., 2007), double547

subduction (Jagoutz et al., 2015), and combination of double subduction and plume push548

(Pusok & Stegman, 2020) are not necessarily the same.549

An implication of the faster subduction velocity, associated with the reduced inter-550

plate coupling and thicker weakened LAB, is that the volume of subducted oceanic ma-551

terial will vary over time due in part to the strain-rate dependent viscosity. This is shown552

in figure 7(b,d,f). As the surface plate velocity increases over time, the depth of the slab553

tip also increases with time, indicating more subducted material over time when a com-554

posite viscosity structure is taken into account.555

4.4 Model Limitations556

In terms of model limitations, our models do not take into account how the 660 km557

discontinuity can affect the speed of the descending plate. Previous models indicate that558
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when the slab tip reaches the discontinuity at 660 km, it can penetrate into the lower559

mantle or lay on the lower mantle boundary and stagnate at the base of the upper man-560

tle (Goes et al., 2017; Č́ıžková et al., 2007; Lallemand et al., 2005; Fukao & Obayashi,561

2013; Sharples et al., 2014; Gerya, 2011). In this study, the initial slab depth is short,562

but approaches the 660 discontinuity over time. Thus although other locations of the slabs563

that are short do occur on Earth (e.g. Alaska, Ryukyu, Lesser Antilles, and New-Hebrides564

subduction zones) (Hayes et al., 2018; Lallemand et al., 2005), when the deep slab and565

slab behaviors at discontinuity are taken into account, plate speed may be lower than566

what our models predicted (Billen & Arredondo, 2018). The models in this study also567

fix the trench location, and thus do not allow for the effects of trench advance or retreat.568

2D models with simplified geometry were utilized in this study, and therefor did569

not account for the variations in the third dimension of plate interface coupling along570

the trench. However, in 3D models, the varying coupling along the trench can have dif-571

ferent effects on the upper plate, as demonstrated in the central versus south Andes in572

Sobolev and Babeyko (2005) and Alaska (Haynie, 2019). In addition, the growth or re-573

duction of grain size may influence rheology and lead to localized weakening in the man-574

tle (Bercovici & Ricard, 2005, 2014; Mulyukova & Bercovici, 2019). While incorporat-575

ing non-Newtonian viscosity into the model presents its own challenges, the models here576

did not include grain size variation.577

Lastly, the presence of significant viscosity gradients within an element poses chal-578

lenges for solvers and can impact solution time (Moresi et al., 1996; Moresi & Soloma-579

tov, 1995; Jadamec et al., 2012). Smaller viscosity contrasts (May & Moresi, 2008) and580

smaller stress variations in the upper mantle (Rudi et al., 2022), lead to faster conver-581

gence rates. In our study, models with a weaker plate interface exhibited longer runtimes.582

The presence of large viscosity gradients arises due to dynamically emergent weakening583

in the LAB region and around the subducting slab. As the plate interface coupling de-584

creases, the dynamic weakening intensifies, resulting in an increase in runtime.585

5 Conclusion586

On Earth, subduction zones have a variation of slab dips and magnitudes of plate587

interface coupling. However, defining the subduction interface is challenging, and how588

plate coupling affects the long-term subduction dynamics is still not well understood.589

A systematic study of 2D time-dependent models varying six values of plate interface590

coupling and three values of initial slab dip were run for 2000 time-steps. The surface591

plate velocity and the thickness of the dynamically weakened LAB were examined. The592

models show that surface plate velocity increases with decreasing plate interface coupling.593

For the instantaneous models, the surface plate velocity peaks for the slab with an ini-594

tial dip of 45◦. In the time-dependent models, the models with an initial slab dip of 30◦595

have the fastest surface plate motion. The results show that thickness of the dynami-596

cally weakened LAB and plate interface coupling are interrelated such that the weaker597

the inter-plate coupling, the thicker the dynamic weakening. The maximum thickness598

of the weakened LAB area achieved is over 120 km by the model with an initial slab dip599

of 30◦ and plate coupling bound of 3.1×1020 Pa·s. The surface plate velocity and dy-600

namic weakening in LAB are also positively correlated. Greater dynamic weakening al-601

lows for a faster subduction plate speed, indicating models that use only a Newtonian602

viscosity may under-predict surface plate motions. The reduced viscous resistance to slab603

sinking facilitates subducting plate motion and mantle flow velocities over time, thus may604

be a critical factor in allowing subduction to occur on Earth. Thus, the models show that605

the dynamically weakened LAB region may be important for facilitating the motion of606

the surface plates.607
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