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Abstract

Using 2D numerical subduction models, we compare deep slab behaviour with oceanic and continental overriding plates and a

mantle viscosity structure where the lower mantle viscosity jump occurs either at 660 km or at 1000 km depth as suggested

by the latest geoid inversions. We demonstrate that a strong, thick, and buoyant continental plate, combined with a 1000

km depth viscosity increase, promotes slab penetration into the lower mantle. Conversely, the same slab will deflect at 660

km depth if this subducts under an oceanic plate into a mantle where the viscosity increases at the canonical 660 km depth.

To quantify these dynamics, we introduce a slab bending ratio, by dividing the deep slab tip angle by the shallow slab angle,

reflecting the steepness, and sinking history of the slab. Ocean-ocean convergence models with a viscosity increase coincident

with the phase transition at 660 km depth have low ratios and flattened slabs comparable to ocean-ocean cases in nature (e.g.,

Izu-Bonin). Coupling a continental overriding plate with a 1000 km depth viscosity increase separate from the endothermic

phase change results in slabs with high ratio values, and stepped morphologies similar to that observed for the Nazca plate

beneath the Southern Peruvian arc. Our results highlight that slab morphologies ultimately express the interaction between

the type of overriding plate, slab-induced flow, and phase transitions, modulated by the viscosity structure of the top of the

lower mantle and transition zone.
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Key Points:9

• Deep slab morphologies and dynamics are an expression of overriding plate type10

and lower mantle viscosity structure.11

• A continental upper plate and a lower mantle viscosity increase at 1000 km en-12

courage renewed deep slab steepening and lower mantle penetration.13

• Slab behaviour can be described by the ratio of deep slab tip angle and the sub-14

duction angle at the trench.15
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Abstract16

Using 2D numerical subduction models, we compare deep slab behaviour with oceanic17

and continental overriding plates and a mantle viscosity structure where the lower man-18

tle viscosity jump occurs either at 660 km or at 1000 km depth as suggested by the lat-19

est geoid inversions. We demonstrate that a strong, thick, and buoyant continental plate,20

combined with a 1000 km depth viscosity increase, promotes slab penetration into the21

lower mantle. Conversely, the same slab will deflect at 660 km depth if this subducts un-22

der an oceanic plate into a mantle where the viscosity increases at the canonical 660 km23

depth. To quantify these dynamics, we introduce a slab bending ratio, by dividing the24

deep slab tip angle by the shallow slab angle, reflecting the steepness, and sinking his-25

tory of the slab. Ocean-ocean convergence models with a viscosity increase coincident26

with the phase transition at 660 km depth have low ratios and flattened slabs compa-27

rable to ocean-ocean cases in nature (e.g., Izu-Bonin). Coupling a continental overrid-28

ing plate with a 1000 km depth viscosity increase separate from the endothermic phase29

change results in slabs with high ratio values, and stepped morphologies similar to that30

observed for the Nazca plate beneath the Southern Peruvian arc. Our results highlight31

that slab morphologies ultimately express the interaction between the type of overrid-32

ing plate, slab-induced flow, and phase transitions, modulated by the viscosity structure33

of the top of the lower mantle and transition zone.34

Plain Language Summary35

Ocean floors that sink as slabs into the mantle exhibit varied shapes. Some flat-36

ten at the top of the lower mantle while others sink deeper, taking on a “stepped” form.37

Slab dynamics at these depths regulate the amount of mass transferred across the man-38

tle and can be described by the ratio of the slab tip’s angle and the angle of the shal-39

low slab closer to the surface. We find that the type of overriding plate and the depth40

at which the viscosity in the lower mantle increases, influences the slab angle ratio to de-41

termine the slab’s shape and its depth. When the overriding plate is continental and the42

mantle viscosity jump occurs at greater depths, the angle ratio values are large and the43

slab sinks steeply into the lower mantle. We show that the slab shape is determined by44

a combination of surface plate interactions, the mineral physics within and around the45

slab, and the mantle structure at depth. Our findings can be applied to slabs at differ-46

ent subduction zones and explain why some slabs flatten and while others penetrate in47

to the lower mantle. This valuable insight explains how the interior of the Earth dynam-48

ically links with its surface.49

1 Introduction50

Subduction is the sinking of oceanic lithosphere underneath an overriding plate into51

the mantle beneath it. This occurs for both thin, neutrally buoyant, and thick, positively52

buoyant overriding plates. Recent work by (e.g., Butterworth et al., 2012; Sharples et53

al., 2014; Holt, Becker, & Buffett, 2015) shows that the inclusion of an overriding plate54

in numerical models produces a better fit to observations, with overriding plate models55

exhibiting slab and trench rollback velocities comparable to those observed in nature.56

This highlights the important role of the overriding plate in modulating subduction dy-57

namics at shallow depths.58

Work by Conrad & Lithgow-Bertelloni (2006); Naliboff et al. (2009); Willingshofer59

et al. (2013); Sharples et al. (2014); Holt, Buffett, & Becker (2015) and Holt, Becker, &60

Buffett (2015) shows that beyond its presence, the nature of the overriding plate is also61

important; where buoyant and strong continental lithosphere enhances global plate driv-62

ing forces by strengthening basal mantle tractions beneath the lithospheric plates, en-63

courages increased surface deformation through more pronounced uplift and subsidence,64
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and produces steeper slab angles at the trench (Zhong & Gurnis, 1995; Zhong, 2001; Heuret65

& Lallemand, 2005; Conrad & Lithgow-Bertelloni, 2006; Summeren et al., 2012; Zahi-66

rovic et al., 2015).67

The overriding plate thickness may also influence the subducting plate dynamics68

and deep slab morphology, with thick overriding plates encouraging overall steeper slabs,69

decreased trench mobility and increased slab penetration into the lower mantle (Garel70

et al., 2014; Sharples et al., 2014; Holt, Becker, & Buffett, 2015; Crameri & Lithgow-Bertelloni,71

2018). However, in most of these studies except for (e.g., Crameri & Lithgow-Bertelloni,72

2018), overriding plate variations are limited to differences caused by age variations and73

exclude the differences in strength, density, and buoyancy expected with continental over-74

riding plates. As far as we are aware, no studies have explored the role of continental75

density and strength variations on deep slab dynamics. Similarly, depth variations in back-76

ground mantle viscosity are limited to a viscosity jump at 660 km depth. This approach77

commonly adopted by previous work, is based on inversions of post-glacial rebound and78

the gravity field with a prescribed viscosity jump (e.g,. Hager, 1984; Billen & Hirth, 2007;79

Garel et al., 2014). However, beyond the general increase in lower mantle viscosity, pub-80

lished viscosity profiles of the mantle are non-unique. Previous work finds that when the81

viscosity jump is not prescribed to occur at 660 km depth, the increase in viscosity oc-82

curs much closer to ∼ 900–1,200 km depth (King & Masters, 1992; Mitrovica & Forte,83

2001, 2004; Rudolph et al., 2015, 2020). In this work we therefore explore the effects of84

both a viscosity jump at 660 km depth as well as a deeper increase in viscosity at 1000 km85

depth. We combine these two viscosity profiles with different overriding plate types and86

expand on previous efforts to better constrain the behaviour of slabs at the top the lower87

mantle.88

2 Methods89

2.1 Modelling approach90

We use generic numerical forward models (Van Zelst et al., 2022) to model ocean-91

ocean and ocean-continent subduction within a standard mantle viscosity structure, where92

the viscosity increases at 660 km depth (reference model V1) and compare this against93

subduction models where the mantle viscosity increase occurs at 1000 km depth (model94

V2) for both oceanic and continental overriding plate setups.95

2.2 Physical Model and Rheology96

Our methodology, set-up and implementation follows that of Crameri & Lithgow-97

Bertelloni (2018) andGrima et al. (2020). We use the multigrid finite difference/volume98

code StagYY (Tackley, 2008) to solve the non-dimensional equations for the conserva-99

tion of mass (eq. 1), momentum (eq. 2), and energy (eq. 3), to model flow in an incom-100

pressible viscous fluid under the Boussinesq approximation, with negligible inertia.101

∇ · v = 0 (1)

∇ · σij −∇P = Ra(1 + PB · δΓ
δϕ

) · T êz (2)

δT

δt
= ∇2T − v · ∇T +H (3)

where v is the velocity, σij is the deviatoric stress tensor, P the pressure, T is the102

temperature, êz the vertical unit vector, t the time and H the non-dimensional inter-103

–3–
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nal heating rate and PB the phase buoyancy parameter (Christensen & Yuen, 1985) de-104

fined as:105

PB =
γδρ

gαρ2D
(4)

γ is the Clapeyron slope, Γ is the phase function (0 ≤ Γ ≤1) indicating the rela-106

tive portion of the dense phase, ϕ the excess pressure (c.f., Christensen & Yuen, 1985)107

given by:108

ϕ = P − (P0 + γT ) (5)

P is the hydrostatic pressure, and P0 is the transition pressure at 0 K. For an in-109

depth description of the buoyancy parameter and the phase function implementation used110

in this study please refer to Grima et al. (2020) and see Table 1 for the values used in111

this work.112

The Rayleigh number Ra is expressed as:113

Ra =
ρgα∆TD3

η0κ
(6)

where ρ is the density, g is the gravitational acceleration, α is the thermal expan-114

sivity, ∆ T the temperature scale, D is the depth of the mantle, κ the thermal diffusiv-115

ity and η0 is the reference viscosity. Following from eq. 6 and the values in Table 1, the116

Ra in our models has a value of 107. We apply an internal heating rate of 4.92·10−12 Wkg−1,117

which is equivalent to a non-dimensional value of 18.08 and results in an internal heating-118

based Rayleigh number of 1.8 · 108 (e.g., Turcotte & Schubert, 2014).119

The composite viscosity of our models includes diffusion and dislocation creep and120

plastic yielding:121

ηi(P, T ) = η0 · ηb(P )(
σ1−ni

σTS
exp[

E∗
i + PV ∗

i

RT
]) (7)

where ηb(P ) contains the viscosity jumps either at 660 km depth or at 1,000 km122

depending on the model set-up. E∗ and V ∗ are the activation energy and volume, re-123

spectively, R is the gas constant, and n is the stress/power law exponent (Table 1). Sub-124

scripts i refer to the two creep mechanisms; diffusion or dislocation creep. σTS is the ac-125

tivation stress value for dislocation creep (Table 1). For diffusion creep, the power-law126

exponent n is equal to 1.127

The effective viscosity is therefore:128

ηeff = min[(
1

ηdiffusion
+

1

ηdislocation

−1

, ηy)] (8)

where the limiting plastic viscosity ηy combines a Drucker-Prager yield criterion129

for brittle failure and a homogeneous ductile yield stress limit S which is applied every-130

where throughout our model except for the sticky-air layer and is described by:131

ηy = (
1

2ϵ
)min[C + Pµ, S] (9)
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where C is the cohesion, ϵ is the strain rate and the friction coefficient is µ (Ta-132

ble 1). For numerical stability the viscosity is bound by an upper and a lower limit of133

10−4 ≤ ηeff ≤ 105 η0.134

In agreement with previous work (Hager, 1984; Hager & Richards, 1989), we in-135

crease the viscosity of the lower mantle in our models by implementing a viscosity jump136

of an order of magnitude at 660 km depth for our reference model and compare this with137

a case where the viscosity increase (of the same magnitude) occurs at 1000 km depth (Fig. 1)138

as suggested by the recent geoid inversions of Rudolph et al. (2015, 2020).139

Similar to Grima et al. (2020) and Crameri & Lithgow-Bertelloni (2018), our mod-140

els include a weak hydrated crustal layer on top of subducting lithosphere which is ≈ 10 Myr old141

and forms a freely evolving weak subduction channel once the plate subducts (Crameri142

& Tackley, 2015). This weak crustal layer is 15 km thick and has a lower yield stress com-143

pared to mantle material. Once the weak crustal layer reaches a depth of 400 km, it is144

converted to regular mantle material. We also include a melting viscosity reduction (MVR)145

to simulate a low-viscosity asthenosphere underneath the subducting and overriding plates.146

The MVR describes a factor 10 decrease in viscosity in regions where the temperature147

exceeds a simple linear, depth-dependent solidus (Tackley, 2000).148

We also include a continental overriding plate that is 200 km deep and 2000 km149

wide. The continental roots extend to the bottom of the asthenosphere and the conti-150

nental geometry is rectangular with an angled edge at the trench following the imple-151

mentation of Crameri & Lithgow-Bertelloni (2018). The continental material is chem-152

ically and compositionally identical to the mantle material underneath but is distinguish-153

able by its lower density, determined by its buoyancy ratio Bc. Bc describes the density154

contrast of the continent ∆ ρc with respect to the ambient mantle ∆ρm, divided by the155

thermal density variation ρα∆T such that Bc = ∆ρc−∆ρm

ρα∆T . We assume a continental156

density of 3250 kgm−3 and take an average mantle density of 3300 kgm−3, which pro-157

duces a continental density contrast ∆ ρc of -25 kgm−3 and a buoyancy ratio Bc of -0.10.158

Negative Bc values imply a light and more buoyant continent. We also increase the vis-159

cosity to 1024 and the friction coefficient of the continental lithosphere to 0.5, which trans-160

late to a higher ductile strength and implies that within the continental lithosphere yield-161

ing occurs for much higher stresses than the rest of the model. This makes the continent162

both lighter and stronger compared to the underlying mantle and the oceanic lithosphere.163

2.3 Numerical Model Set-up164

Our set-up (Fig. 1) follows from Grima et al. (2020) and our models evolve dynam-165

ically and self-consistently without any external forces or velocities applied to the sys-166

tem. Our models have a 2D geometry with an aspect ratio of 2:1 (x:z) and are discretized167

to 512 × 256 grid points, with a constant horizontal grid spacing which gives a resolu-168

tion of ≈ 11 km. The vertical grid spacing is refined towards the rock-air interface, where169

the resolution reaches 4 km. On average 100 Lagrangian tracers per grid cell are used170

to track the different compositions included in the model (i.e., the mantle, weak crust,171

continent and sticky-air) and the physical interfaces (e.g., the free surface) in the sub-172

grid resolution (e.g., Crameri & Tackley, 2015; Crameri & Lithgow-Bertelloni, 2018; Grima173

et al., 2020).174

2.4 Boundary and Initial Conditions175

Our top boundary condition is a sticky-air layer after Crameri et al. (2012), which176

simulates a free surface. Our bottom boundary is free slip and the side boundaries are177

periodic to prevent unnatural forcing during the model’s longer evolution (c.f., Chertova178

et al., 2012). The top boundary including the sticky-air layer is set to a constant 300 K179

and the bottom boundary is set to insulating with a zero heat flux condition (Fig. 1).180
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Parameter Symbol Non-dimensional value Dimensional value Units

Reference viscosity η0 1 7.74 · 1021 Pa s
Mantle depth D 1 2890 km
Upper-mantle depth DUM 0.23 660 km
Gravitational acceleration g - 9.81 ms−2

Thermal conductivity K - 3 Wm−1K−1

Thermal diffusivity κ 1 7.58 · 10−7 m2s−1

Thermal expansivity α - 3 · 10−5 K−1

Temperature difference ∆T 1 2,500 K
Reference density ρ0 1 3,300 kg m−3

Heat capacity Cpo - 1,200 Jkg−1K−1

Internal heating rate H 18.08 4.92 · 10−12 Wkg−1

Gas constant R - 8.314 Jmol−1 K−1

Clapeyron slope660 γ660 - -2.5 MPaK−1

Density jump660 ρ600 - 341 kg m−3
Activation stress σTS - 20 MPa
Plasticity
Friction coefficient µ 0.25 - -
Cohesion C 1,577 10 · 106 Pa
Max. yield stress S 8.551 · 105 600 · 106 Pa
Diffusion creep
Activation energy E∗diff 14.43 300 kJmol−1

Activation volume V∗diff 9.0 2 · 10−6 m3mol−1

Dislocation creep
Activation energy E∗disl 20.7 300 kJmol−1

Activation volume V∗disl 4.5 1 · 10−6 m3mol−1

Powerlaw index n 3.5 - -
Sticky-air layer
Thickness dst 0.05 150 km
Viscosity ηst 10−3η0 7.74 · 1018 Pa s
C-conditiona CStokes 0.013 - -
Weak crustal layer
Thickness dcrust 0.005 15.2 km
Viscosity ηcrust η0 7.74 · 1021 Pa s
Friction coefficient µcrust 0.001 - -
Cohesion Ccrust 1577 10 · 106 Pa s
Continent
Thickness dc 0.0721 200 km
Width Wc 0.712 2000 km
Viscosity ηc 100η0 7.74 · 1024 Pa s
Friction coefficient µc 0.5 - -
Density contrast ∆ρc 0.087 −25.0 kg m−3

Table 1. Table of model parameters used in this study. a indicates suitable free-surface ap-

proximation with sticky-air approach if Cstokes << 1 (Crameri et al., 2012)

–6–
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Our initial condition is one of ongoing subduction with a 400 km long slab dipping181

at 30◦ (Fig. 1). The slab dip angle is initially defined between 150-250 km depth and is182

subsequently allowed to evolve freely. Through the model evolution, the shallow slab dip183

angle is automatically measured at a 175 km depth and the deep slab angle is measured184

at the slab tip. The slab thickness has an initial constant thickness corresponding to the185

surface plate thickness at the trench. Our set-up also features a spreading boundary at186

the edges of the model, which self-consistently evolves into a divergent plate boundary187

throughout the model evolution (Fig. 1). The initial temperature field describes a stan-188

dard
√
age− law to account for a thickening plate from the ridge towards the trench.189

The initial plate thickness is described by WBL(x) = WBL,0 ·
√
∆Xsc, where WBL,0190

is a constant controlling the maximum thickness of the plate, x is the horizontal coor-191

dinate and ∆ Xsc is the distance from the spreading centre at any given position x. The192

initial temperature is related to the plate age by Tz(x) = T0·erf [ 1−z
WBL(x) ], where T0 =193

0.64 and is the initial non-dimensional mantle temperature and z is the vertical coor-194

dinate ranging between 0 at the bottom and 1 at the top boundary. The plate’s non-dimensional195

initial thickness is ≈ 0.04D based on previous work which suggests that this is a typi-196

cal boundary layer thickness for a Ra = 107 and H = 18.08 (Crameri & Tackley, 2015).197

No weakening is imposed at the ridges at the edges of our model domain and spreading198

occurs as a natural consequence of the half-space cooling law we implement and the in-199

ternal dynamics of our model.200

2.5 Diagnostics and Model Analysis201

We post-process and analyse our model outputs using the geodynamic diagnostic,202

post-processing and visualisation software StagLab 4.0 (Crameri, 2018) (https://zenodo203

.org/record/3596400), where we quantitatively track (i) the plate velocities at the sur-204

face, (ii) the amount of trench retreat, (iii) the shallow and deep slab dip angles, (iv) the205

evolution of topography, (v) and the slab and mantle properties. Lastly, we qualitatively206

examine the slab morphology within the upper mantle and at 1000 km depth.207

3 Results208

3.1 The Role of the Overriding Plate Type and the Lower Mantle Vis-209

cosity Increase on Slab Dynamics and trench retreat210

We compare the slab dynamics for our reference model V1 with an oceanic and con-211

tinental overriding plate and find that the presence of continental lithosphere at the trench212

decreases the trench mobility at the surface and encourages a steeper slab angle at shal-213

low depths in agreement with previous work (e.g., Holt, Becker, & Buffett, 2015). We214

note that when the overriding plate is continental, the deep slab tip angle is also steeper,215

resulting in minor slab tip penetration below 660 km. On the contrary, the same slab216

subducting under an oceanic overriding plate will deflect and flatten above 660 km depth.217

Comparing the two slab morphologies, we observe that in a continent-ocean subduction,218

the slab body (i.e., the area of slab between the slab tip and the trench) has undergone219

significant deformation seen in the slab’s undulating and kinked morphology, which is220

in contrast to the straight slab segment that links the flattened slab toe with the sur-221

face in the V1 ocean-ocean case (Fig. 2).222

We observe similar slab behaviour when we draw the same comparison for model223

V2. In this case, the lower mantle viscosity increase occurs at 1000 km depth and the224

contrast in slab behaviour for different overriding plate types is even more pronounced225

than what we observe in V1. We note that when the overriding plate is continental, the226

slab flattens above 660 km depth and simultaneously sinks into the lower mantle below227

1000 km, resulting in a “stepped” slab morphology. Similar to the continent case for model228

V1, the slab body in the V2 case with a continental overriding plate also exhibits an un-229

dulating and kinked morphology. Slab behaviour for V2 with an oceanic overriding plate230
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Figure 1. Left: 1D root mean square of the viscosity for V1 and V2 models respectively.

Right: Cartoon of model setup for reference case V1 and case V2 showing the two spreading

ridges on either end of the upper and lower plates, a weak crustal layer overlying the subducting

plate, and a sticky-air layer top boundary condition. Darker grey colours indicate the higher

viscosity lower mantle. The orange dotted line at 660 km depth delineates the phase transition

of ringwoodite to bridgmanite and ferropericlase with a Clapeyron Slope of -2.5 · 106PaK−1, for

case V1 this also coincides with the lower mantle viscosity increase. For V2 the phase change and

the viscosity jump are separate. The initial slab angle is 30 ◦ degrees and initial slab length is

equal to 400 km. Cartoon setup shows an oceanic overriding plate, this is replaced by thicker,

stronger and more buoyant continental lithosphere for V1 and V2 continental cases (see Table 1

for more details).
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Figure 2. Plots of the viscosity with darker blue shades indicating lower viscosity, for the V1

model with a viscosity increase at 660 km depth, coincident with the bridgmanite phase transi-

tion, with continental (a) and oceanic (b) overriding plates. White arrows indicate the magnitude

and direction of the induced viscous flow in the models and red dotted lines delineate the 660 km

and 1000 km depths. Observe the limited slab tip penetration into the lower mantle for a conti-

nental overriding plate (a) vs. slab tip flattening for an oceanic overriding plate, indicating that

the overriding plate type can influence the deep slab dynamics

mimics that of V1 with an oceanic overriding plate. In both cases when the overriding231

plate is oceanic, the slab flattens and deflects at 660 km depth (Fig. 3).232

Our results clearly indicate that the combination of the viscosity structure and a233

continental overriding plate directly influences the slab behaviour at the top of the lower234

mantle. To investigate this further we plot the trench velocity and the angle of the slab235

tip (i.e., the deep slab angle) against time for both V1 and V2 cases with a continental236

overriding plate (Figs. 4 and 5).237

We find that for the V1 continental case (Fig. 4) the angle of the slab tip decreases238

with time indicating a flattening slab toe following an initial slab steepening period dur-239

ing the “slab free fall” stage early in the model evolution (e.g., Funiciello et al., 2003).240
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Figure 3. Plots of the viscosity for the V2 model with a viscosity increase at 1000 km depth,

separate from the phase change at 660 km depth. Colours and lines as in Fig. 2 above. Note

the significant slab tip penetration into the lower mantle for a continental overriding plate (a)

vs. slab tip flattening for an oceanic overriding plate, highlighting the combined influence of the

continent and the viscosity structure of the mantle in regulating the slab influx from the upper to

the lower mantle and dynamics of deep slabs
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The slab tip angle increases once again during the later stages of the model evolution241

indicating a minor steepening. The velocity of the trench also shows a sharp increase early242

on in the model evolution, with velocities stabilizing to average ∼ 1.1 cm year−1 between243

∼ 30 Ma and 70 Ma. During this stage the slab dynamics are dominated by trench roll-244

back and slab flattening above 660 km depth. Trench velocities drop drastically after 80 Ma,245

reflecting a decrease in rollback.246

In case V2 continental (Fig. 5) following the slab free fall stage, the slab tip an-247

gle temporarily decreases during a transient period between ∼ 10 and 25 Ma when the248

slab defects and flattens at 660 km depth. Slab tip steepening starts to increase once again249

after 30 Ma and dominates the rest of the model evolution. Contrary to the trench ve-250

locity trend observed for the V1 continental case, in V2 continental, trench velocities show251

a consistent decrease. The only exception occurs between ∼ 10 and 25 Ma during the252

transient slab flattening period, reflecting an increase in trench rollback.253

Figs. 4 and 5 show that when the overriding plate is continental lithosphere, trench254

velocities and slab dip angles are anti-correlated. As the slab tip angle increases the trench255

velocity increases and vice-versa. This trend is particularly clear throughout the lifetime256

of the V2 continental case and during the initial and middle age stages for the V1 con-257

tinental case. However, when the overriding plate is oceanic the trench velocities and the258

slab dip angles are correlated, with drops in trench retreat velocities also correspond-259

ing to drops in deep slab tip steepness (Figs. A2 and A3).260

Comparing the trench velocities across models with and without a continental over-261

riding plate for both V1 and V2 cases, we also find that surface plate velocities are re-262

duced when the overriding plate is continental (see Figs. 4 and 5 vs. A2 and A3) in agree-263

ment with previous work (e.g., Butterworth et al., 2012; Sharples et al., 2014; Holt, Buf-264

fett, & Becker, 2015). The faster plate motions for the ocean-ocean cases favour slab roll-265

back in the upper mantle and encourage slab deflection at 660 km depth.266

3.2 The Slab Dip Ratio and Slab Stages267

To quantitatively compare the slab evolution at the top of the lower mantle, we de-268

fine a slab bending ratio Sb. We calculate Sb by dividing the deep slab tip angle by its269

shallow counterpart at ∼ 72 km depth. Sb provides a measure of the overall steepness270

of the slab as opposed to just an indication of the slap tip dip. The Sb ratio is a reflec-271

tion of the slab’s deformation and sinking history and is therefore a useful lens through272

which one can understand the slab evolution as this sinks from the shallow upper man-273

tle towards the top of the lower mantle.274

When Sb is > 1, the subducting slab is characterised by a steep slab morphology,275

fast vertical slab sinking velocities and rapid penetration through the upper mantle (Fig. 6a).276

We term this stage the “vertical sinking stage” and it is comparable to the slab free-fall277

stage described in Funiciello et al. (2003). The slab’s initial vertical sinking stage is fol-278

lowed by a “deformation stage” (Fig. 6b), where its Sb values become equal to around279

1. In this stage, the vertical sinking of the slab tip deeper into the mantle is reduced,280

trench retreat increases and the slab undergoes significant intra-slab bending as it ad-281

justs from a steep to a deflected morphology. When the overriding plate is oceanic and/or282

the mantle viscosity jump occurs at 660 km depth, the slab enters its “flattened stage”283

which is defined by an Sb ratio < 1 (Fig. 6c). Small Sb values indicate that the now de-284

flected slab has limited lower mantle penetration. Deflection can result in either a flat-285

tened slab underlying the overriding plate at depth or a “hooked” slab morphology (see286

Appendix Appendix A, section A3 and Fig. 6c) that bends underneath the subducting287

plate, away from the overriding plate. Subduction is now dominated by trench rollback,288

which drags the slab through the upper mantle. When the overriding plate is continen-289

tal lithosphere, the “deflection stage” is followed by a “renewal stage” (Fig. 6d). This290

stage is marked by Sb values higher than 1, and reflects a renewed period of slab tip steep-291
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Figure 4. Graph of trench velocities in cm year −1 on the left in blue and slab dip angles in

degrees on the right in orange for a continental overriding plate type for viscosity profile V1. Slab

dip angles show a consistent downward trend throughout the model evolution indicating slab

flattening. The trench velocity is constant for most of the model evolution bookended by rapid

trench rollback at the start of the model and significant decrease at the end.
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Figure 5. Colours and lines as in Fig. 4. Trench velocities and slab dip angles for a conti-

nental overriding plate type for viscosity profile V2. In V2 the model is dominated by significant

slab steepening shown here by the increases in the deep slab dip angles and a drop in the trench

mobility shown by the decrease in trench velocity.
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Figure 6. Schematic of the slab bending ratio Sb with the overriding plate shown in blue and

the subducting plate shown in orange. The Sb ratio describes the slab bending and is calculated

by dividing the deep slab dip angle by the shallow slab angle at the trench. An Sb ratio higher

than 1 indicates a slab in its initial vertical sinking stage (a), characterised by fast penetration

through the upper mantle, slab rollback and steep slab dip angles. Sb equal to 1 indicates a slab

undergoing significant intra-slab deformation, limited vertical penetration through the mantle

and increased trench rollback (b). Sb less than 1 is representative of a slab that is in its flattened

stage, with little to no vertical penetration into the lower mantle below it and significant lateral

motion of the flattened slab (c). When the overriding plate is continental renewed slab tip steep-

ening produces higher Sb ratios and renewed vertical sinking and penetration at the top of the

lower mantle (d).

ening and renewed vertical slab sinking velocities. Lower mantle penetration is main-292

tained through the steep slab tip, which drags the slab to deeper depths. This lower man-293

tle pull is however offset by the slab deflection in the upper mantle which arises from the294

resistance to subduction from the bridgmanite phase transition at 660 km depth and the295

induced viscous flow from the trench-ward motion of the continental overriding plate.296

The interplay between the slab deflection at 660 km depth and vertical slab tip pene-297

tration below 660 km depth results in a stepped slab morphology observed for both V1298

and V2 continental cases.299

4 Discussion300

4.1 The Continental Overriding Plate, The Slab Bending Ratio and Slab301

Behaviour at the Top of the Lower Mantle302

In agreement with previous work (e.g., Sharples et al., 2014; Holt, Buffett, & Becker,303

2015; Crameri & Lithgow-Bertelloni, 2018), our results show that the thickness of the304

–14–



manuscript submitted to Geochemistry, Geophysics, Geosystems

overriding plate controls to some extent the slab dynamics at the bottom of the man-305

tle transition zone. We also note that the strength and density and hence, buoyancy of306

the overriding plate play an important role in the deep slab dynamics. We show that when307

the overriding plate is a thin, dense oceanic plate, the subducting slab goes through three308

distinct stages: a) a vertical sinking stage, b) a deformation stage and c) a flattened stage309

as its Sb ratio evolves from > 1, = 1 and < 1, with the slab ultimately flattening at 660 km310

depth irrespective of the depth at which the viscosity jump occurs (Fig. 8).311

However, when the overriding plate is thick and buoyant continental lithosphere,312

the viscosity structure of the mantle plays a significant role in determining the slab dy-313

namics at the top of the lower mantle. For these cases, the flattened stage observed in314

models with an oceanic overriding plate is either followed (in case V1 continent) or re-315

placed entirely (in case V2 continent) by a renewal stage depending on the lower man-316

tle viscosity structure. Comparing the slab behaviour across V1 and V2 with continen-317

tal overriding plates, we find that the subducting slab has a steeper subduction angle318

at the trench for both cases. However, the slab tip angle decreases progressively in the319

V1 case as the slab tip sinks deeper into the mantle (Fig. 4). This overall trend dom-320

inates the slab behaviour for the V1 model despite limited slab tip penetration below321

660 km depth. In contrast, the slab tip angle in the V2 continental case increases with322

depth. This behaviour is also reflected in an Sb ratio value, which remains above 1 through-323

out model evolution, indicating an overall slab steepening behaviour. In this model, the324

slab exhibits an extended renewal stage with a well developed slab tip below 1000 km325

depth and a contracted, almost negligible, deflection stage. This is because in V2 con-326

tinental, slab deflection at 660 km depth (due to both the endothermic phase transition327

of bridgmanite and the horizontal drag induced by the continental drag as this moves328

towards the trench) is offset by the deep slab tip pull as the slab tip sinks into the lower329

mantle during the slab’s renewal stage (Fig. 8).330

Our results clearly show that when the increase in viscosity occurs at 660 km depth331

in V1 continent case, slab penetration and interaction with the lower mantle is limited332

and the amount of slab tip that is involved in the renewal stage is small. When the vis-333

cosity jump occurs at 1000 km depth in V2 continent case, the slab’s renewal period is334

extended, leading to a pronounced steep slab tip below 1000 km depth. In the latter case,335

the steep tip sinks vertically downwards inducing a strong vertical viscous flow, which336

helps to drag the remainder of the slab above 660 km depth down into the lower man-337

tle with it (Figs. 7 and 8).The dragging motion of the sinking slab tip in V2 is offset by338

the slab deflection above 660 km depth. The latter is due to the strong basal drag of the339

continent as this moves towards the trench. Due to the thickness of the continental roots340

the continent shears and drags the upper mantle towards the trench and induces a strong341

horizontal viscous flow in the upper mantle. This encourages the slab above 660 km depth342

to rollback, bend, and deflect (Fig. 7). Slab flattening at 660 km is further encouraged343

by the phase transition of ringwoodite to bridgmanite and ferropericlase. The delayed344

endothermic phase transition within the cold slab core introduces an anomalous buoy-345

ancy to the slab, which resists subduction (Fig. A1).346

Our results clearly show that the slab morphology reflects the interplay between347

the continental and slab drag forces in the upper and top of the lower mantle, respec-348

tively. This force balance between the two is modulated by the viscosity structure of the349

upper lower mantle. In V2 continent case, the slab deflects due to the presence of the350

continental overriding plate and the anomalous buoyancy associated with the phase change351

at 660 km depth, which is offset by the increased slab sinking force between 660 and 1000 km352

depth, leading to a stepped slab morphology. In V1, the combined viscosity jump and353

bridgmanite phase transition at 660 km depth resists the slab’s sinking at the top of the354

lower mantle. This, combined with the strong continental drag of the upper mantle to-355

wards the trench and limited slab tip penetration below 660 km depth, favours slab de-356

flection above 660 km over slab sinking for the V1 continental case.357
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Figure 7. Colours, lines and arrows as in Fig. 2, thick black arrows emphasise the direction

of the induced viscous flow. Note the role of the induced predominantly vertical viscous flow on

the slab morphology for V2 with a continental overriding plate (top)and the predominantly hori-

zontal flow in an ocean-ocean setting (bottom). Top: The continental overriding plate drags the

shallow upper mantle towards the slab encouraging slab rollback in the upper mantle. The verti-

cal flow induced by the steeply sinking slab tip drags the subducting slab below 1000 km depth.

This results in a stepped slab shape. Bottom: The thinner oceanic overriding plate results in

shallow slab dip angles and encourages faster overall surface plate motions resulting in strong

horizontal viscous flow in the upper mantle, trench rollback and slab flattening above 660 km

depth.
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Figure 8. Colours and lines as in Fig. 4 with trench velocity in cmyr in blue and slab bend-

ing ratio (Sb) in orange for model V1 with a continental (top left) and oceanic overriding plate

(bottom left) and model V2 with a continental (top right) and oceanic (bottom right) overriding

plate. The slab’s stages are denoted in yellow, orange, purple and blue representing; a. the initial

vertical sinking stage, b. the deformation stage, c. the flattened stage and d. the renewal stage

respectively. Note the increase in Sb ratios for V1 and V2 continental in the later model stages

following decreases in Sb ratios to < 1 and = 1 in the middle stages of the model evolution, in-

dicating a renewed period of steepening and increased vertical slab penetration into the lower

mantle for both cases. Note also how Sb ratios for the continental cases are anti-correlated with

trench retreat values, a trend which is overturned for both V1 and V2 cases with an oceanic over-

riding plate.
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4.2 Analogues in nature358

Seismic tomography models show that a plethora of slab morphologies exists be-359

tween 410 km and 1500 km depth (e.g., Fukao et al., 2009; Fukao & Obayashi, 2013; Goes360

et al., 2017). Various attempts have been made to explain this diversity in slab shape361

and various mechanisms have been proposed to this effect including the slab age, the age362

and thickness of the overriding plate and changes in the effective Clapeyron Slope due363

to slab dehydration (e.g., Billen, 2008; Garel et al., 2014; Holt, Buffett, & Becker, 2015;364

Agrusta et al., 2017; Goes et al., 2017). We suggest that some of this heterogeneity in365

slab morphology might also be due to the induced viscous flow in the upper mantle and366

top of the lower mantle modulated by the type of overriding plate, the phase transition367

of bridgmanite, and the depth of the lower mantle viscosity increase.368

We suggest that the stepped slab morphology observed under the South Peruvian369

continental arc observed in both UU-P07 and TX2019slab seismic tomography models370

(Amaru, 2007; Lu et al., 2019) reflects the combined effects of continental drag towards371

the slab in the upper mantle and the resistance provided by the anomalous buoyancy372

of the untransformed bridgmanite within the slab core. The resulting effect is slab de-373

flection above 660 km depth, which is mitigated by the pull of the steep slab tip as this374

sinks into the lower mantle during the slab’s renewal stage when its Sb ratios increase375

above 1 (Fig. 9). Meanwhile, slab flattening and deflection above 660 km depth with-376

out any further sinking to deeper depths is observed for the ocean-ocean subduction at377

the Izu-Bonin arc. In this case, the higher plate mobility typical for ocean-ocean systems378

results in higher values of slab rollback in the upper mantle resulting into slab deflec-379

tion at the bottom of the mantle transition zone (Fig. 9).380
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Figure 9. Seismic tomography cross-sections from the portal SubMachine (http://

www.earth.ox.ac.uk/~smachine/cgi/index.php) (Hosseini et al., 2018) using model UU-P07

(Amaru, 2007) (top) and model TX2019slab (Lu et al., 2019) (bottom). Warm colours indi-

cate slower than average P-wave velocities and cooler colours show faster than average P-wave

velocities. Both seismic tomography models show a stepped slab morphology indicating slab

deflection above 660 km depth complementary with slab tip penetration below 1000 km depth

for the Nazca slab subduction underneath the Southern Peruvian continental arc (left) and slab

flattening above 660 km depth for the Izu-Bonin subduction zone (right).
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4.3 Model Limitations381

Our results show that the deep slab morphology is strongly controlled by the in-382

terplay between the overriding plate type and the viscosity structure of the top of the383

lower mantle. However, in nature, the strength of the subducting slab is expected to be384

controlled by a range of factors, including evolving grain size, and other damage mem-385

ory (e.g. Montési, 2013; Bercovici & Ricard, 2016; Dannberg et al., 2017; Heilman & Becker,386

2022). The implications of these contributions on the effective viscosity and yield stress387

are only approximately represented by our relatively simple rheological setup. The rhe-388

ology of our models is also simplified by excluding a multi-mineralic slab and mantle and389

the effect of slab dehydration on the dynamics. These simplifications may have impor-390

tant implications for the slab behaviour and slab induced viscous flow.391

Moreover, mantle flow in nature is, of course, 3-D and due to the restriction of our392

simplified models, we thus, miss the toroidal flow component. The latter may play a sig-393

nificant role in slab rollback and slab penetration into the lower mantle (e.g., Stegman394

et al., 2006; Faccenna & Becker, 2010; Capitanio & Replumaz, 2013).395

We adopt this simplified approach to isolate the effects of the relationship between396

the overriding plate and the mantle viscosity structure on the deep slab dynamics. While397

the temporal evolution of the slab morphology and the timing of the slab’s penetration398

into the lower mantle may be affected by all of these complexities, we expect the rela-399

tive effects of the overriding plate and the viscosity structure on slab dynamics to be fairly400

similar.401

5 Conclusions402

We find that the nature of the overriding plate plays a controlling role on deep slab403

dynamics and directly influences the slab’s bending ratio Sb. This ratio describes the amount404

of bending and vertical sinking experienced by the slab and is measured by dividing the405

deep slab angle by the shallow slab angle at the trench. Modelled slabs subducting un-406

derneath an oceanic overriding plate exhibit Sb ratios smaller than 1 and will deflect and407

flatten at 660 km depth irrespective of the mantle viscosity structure. This indicates that408

for ocean-ocean convergence such as that observed at the Izu-Bonin subduction zone,409

deep slab dynamics are mostly controlled by the trench rollback at the surface and the410

temperature dependence of the phase boundary depth of the ringwoodite to bridgman-411

ite and ferropericlase (see sec. A1 and Fig. A1 b)412

However, when the overriding plate is continental, the viscosity structure of the man-413

tle has a stronger control on the slab dynamics. We show that with a lower mantle vis-414

cosity increase at 660 km depth and a continental overriding plate, the Sb ratio values415

register a second increase above 1 later in the model stages reflecting a renewal stage with416

limited slab tip steepening and vertical sinking below 660 km depth. However, in this417

case, both the slab tip steepening and its renewed lower mantle sinking are curtailed due418

to the higher viscosity of the lower mantle. On the other hand, the combined effect of419

continental lithosphere and a viscosity jump at 1000 km depth encourages and prolongs420

the slab’s renewal stage. In this case, the slab’s Sb ratio value remains above 1, result-421

ing in the slab tip steepening and the further vertical sinking of the slab tip deeper into422

the lower mantle. This behaviour is further encouraged by the induced vertical viscous423

flow at the top of the lower mantle, which drags the slab tip vertically downwards. The424

prolonged renewal stage for models with a deeper viscosity increase and a continental425

overriding plate offsets the slab deflection effects in the upper mantle stemming from the426

continental drag and the effects of the bridgmanite forming reactions. This interplay be-427

tween forces in the upper mantle and at the top of the lower mantle produces a stepped428

slab morphology observed in the Nazca slab as it subducts underneath the Southern Pe-429

ruvian continental arc.430
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Our study underscores the importance of investigating deep slab dynamics in a more431

complete framework that includes a buoyant, strong continental lithosphere and a man-432

tle viscosity structure beyond that of a simple increase at 660 km depth. We show that433

the slab morphology at depth is an expression of the overriding plate type, the induced434

flow in the mantle and the mineral physics; and is largely modulated by the viscosity struc-435

ture of the mantle transition zone and the top of the lower mantle.436
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Appendix A450

A1 The Combined Effect of The Plate Type and the Ringwoodite to Bridg-451

manite and Ferropericlase Phase Transition452

As discussed briefly in sec. 4 above, the temperature dependence of the phase bound-453

ary depth of the ringwoodite to bridgmanite and ferropericlase encourages the forma-454

tion of a lens of low density, untransformed material within the cold slab core at 660 km455

depth (Fig. A1). This lends to the slab an anomalous buoyancy at 660 km depth, which456

resits the slab’s further sinking into the lower mantle. For case V2 oceanic, this anoma-457

lous buoyancy reinforces the slab’s flattening and deflection arising from the pronounced458

slab rollback due to the increased mobility of the surface plates (Fig.A1).459

A2 Trench Velocities and Slab Tip Angles for V1 and V2 with an Oceanic460

Overriding Plate461

Plots of the trench velocity against deep slab dip angle for ocean-ocean subduc-462

tion for models V1 and V2 showing a correlation between the trench velocity and the463

deep slab tip, with slab tip angles decreasing as trench velocity values drop (Figs. 4 and464

5). We note that in both V1 and V2 oceanic overriding plate cases, this relationship be-465

tween trench velocity and slab tip angle produces slab flattening and deflection above466

660 km depth (Figs. 2 and 3).467

A3 The Effect of A Low Viscosity Layer at the Top of the Lower Man-468

tle469

Following the work of Rudolph et al. (2015, 2020), which suggests the presence of470

a low viscosity layer (LVL) at the top of the lower mantle, we also test an additional case471

V3 with an LVL between 660 and 1000 km depth. To isolate the effects of the LVL, in472

case V3 we exclude the effects of the ringwoodite phase transition at 660 km depth. Sim-473
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Figure A1. Plot of density illustrating a lens of lower density within the slab core at 660 km

depth for V2 with a continental overriding plate (a) and an oceanic overriding plate (b). The low

density material resists the subduction of material below 660 km depth. However in (a), this is

offset by the pull of vertical slab below 660 km depth once the slab enters its renewal stage. For

ocean-ocean subduction (b) the low density lens is wider and more effective at resisting the slab

sinking into the lower mantle. In (b), there is no slab pull to offset the resistance to subduction

and the slab flattens.
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Figure A2. Colours and lines as in Fig. 4. Trench velocities in cm year −1 (blue) and slab dip

angles in ◦ (orange) for an oceanic overriding plate type for viscosity profile V1. Slab dip angles

and trench retreat velocities show a correlation where both register a decrease throughout the

model evolution.

ilar to our approach for V1 and V2 cases, we also run our V3 models with an oceanic474

and a continental overriding plate.475

We find that for V3, the slab tip sinks directly into the lower mantle irrespective476

of the overriding plate type. We attribute this to the presence of the low viscosity layer477

together with the missing resistance to subduction from the endothermic phase transi-478

tion, both of which encourage deep slab sinking.479

However, we note that despite the overall similar slab behaviour for V3 continen-480

tal and V3 oceanic, when the overriding plate is strong and buoyant continental litho-481

sphere, the slab morphology takes on a hooked, concave morphology (Fig. A4a). Con-482

versely, when the overriding plate is comprised of the thinner and denser oceanic litho-483

sphere, the slab morphology has a more convex shape (Fig. A4b). This difference in slab484
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Figure A3. Colours and lines as in Fig. 4. Trench velocities in cm year −1 (blue) and slab

dip angles in ◦ (orange) for an oceanic overriding plate type for viscosity profile V2. V2 slab dip

angles and trench retreat velocities also register a decrease throughout the model evolution, mim-

icking the correlation observed in Fig. A2.
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Figure A4. Plots of the viscosity for the V3 model with a viscosity increase at 1000 km

depth, no the phase change at 660 km depth and a low viscosity layer between 660-1000 km

depth. Colours and lines as in Fig. 2 above. Note the significant difference in slab tip morphology

for a continental overriding plate (a) and an oceanic overriding plate, highlighting the steepening

effect of the continent on the slab in the upper mantle.

tip shape is the result of the slab angle at the trench. As discussed above, the presence485

of a continental overriding plate encourages steeper subduction angles at the trench and486

a reduction in the overall plate mobility at the surface. However, in an ocean-ocean set-487

ting the higher slab rollback, encourages comparatively flatter slab morphologies in the488

upper mantle resulting in a flatter slab tip and a convex slab shape.489
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Rudolph, M. L., Lekić, V., & Lithgow-Bertelloni, C. (2015). Viscosity jump605

in Earth’s mid-mantle. Science, 350 (6266), 1349–1352. Retrieved from606

http://science.sciencemag.org/content/350/6266/1349.abstract doi:607

10.1126/science.aad1929608
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