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Key Points:7
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• Consistently high backarc heat flow in natural subduction zones may indicate a12

common depth of mechanical coupling globally at ca. 82 km13
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Abstract14

A key feature of subduction zone geodynamics and thermal structure is the point at which15

the slab and mantle mechanically couple. This point defines the depth at which trac-16

tion between slab and mantle begins to drive mantle wedge circulation and also corre-17

sponds with a major increase in temperature along the slab-mantle interface. Here we18

consider the effects of the backarc thermal structure and slab thermal parameter on cou-19

pling depth using two-dimensional thermomechanical models of oceanic-continental con-20

vergent margins. Coupling depth is strongly correlated with backarc lithospheric thick-21

ness, and weakly correlated with slab thermal parameter. Slab-mantle coupling becomes22

significant where weak, hydrous antigorite reacts to form strong, anhydrous olivine and23

pyroxene along the slab-mantle interface. Highly efficient (predominantly advective) heat24

transfer in the asthenospheric mantle wedge and inefficient (predominantly conductive)25

heat transfer in the lithospheric mantle wedge results in competing feedbacks that sta-26

bilize the antigorite-out reaction at depths determined primarily by the mechanical thick-27

ness of the backarc lithosphere. For subduction zone segments where backarc lithospheric28

thickness can be inverted from surface heat flow, our results provide a regression model29

that can be applied with slab thermal parameter to predict coupling depth. Consistently30

high backarc heat flow in circum-Pacific subduction zones suggests uniformly thin over-31

riding plates likely regulated by lithospheric erosion caused by hydration and melting32

processes under volcanic arcs. This may also explain a common depth of slab-mantle cou-33

pling globally.34

Plain language summary for the public, journalists, etc.35

Subduction is a process where two semi-rigid slabs of earth’s outer shell (tectonic36

plates) converge, and one dives beneath the other into the mantle. Subduction zones pro-37

duce the world’s largest earthquakes and form new crust through volcanism. Understand-38

ing earthquakes and volcanism requires understanding how the two slabs move with re-39

spect to each other. With increasing depth, the sinking slab transitions from sliding past40

the overriding slab to “gripping” the base of the overriding slab. This gripping (coupling)41

reduces earthquakes and causes warm rock to flow upwards, enabling volcanism. We used42

two-dimensional computer simulations of subduction to test what controls the depth of43

coupling between the slabs. We found that coupling depth is primarily controlled by the44

thickness of the overriding slab and provide an equation to predict coupling depth in real45

subduction zones. Overriding plates in subduction zones worldwide appear to have sim-46

ilar thicknesses, so coupling depths are also predicted to be similar. Although we do not47

yet fully understand why the overriding plates are uniformly thin globally, we can as-48

sume that this is likely related to lithospheric erosion caused by hydration and melting49

under volcanic arcs.50

1 Introduction51

The thermal structure of subduction zones strongly depends on the depth where52

the subducting slab and overlying mantle transition from mechanically decoupled (mov-53

ing differentially with respect to each other) to mechanically coupled (moving with the54

same local velocity; Furukawa, 1993; S. M. Peacock et al., 1994; Wada & Wang, 2009).55

Coupling drives mantle wedge circulation, and the decoupling-coupling transition defines56

a rapid increase in temperature along the top of the subducting slab (S. M. Peacock, 1996).57

Based on many observational constraints the depth of slab-mantle coupling has been in-58

ferred from numerical models to occur at 70-80 km depth, essentially independent of other59

parameters including slab age, convergence velocity, and subduction geometry (Furukawa,60

1993; Wada et al., 2008; Wada & Wang, 2009). It is significant that modern subduction61

zones appear to achieve similar depths of coupling despite their different physical char-62

acteristics.63
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A prescribed slab-mantle coupling depth of 70-80 km has been used as a physical64

condition in many thermomechanical models (e.g. Currie et al., 2004; Syracuse et al.,65

2010; van Keken et al., 2011, 2018; Wada et al., 2012; Gao & Wang, 2014; Wilson et al.,66

2014; Abers et al., 2017), although different coupling depths apply in other studies (e.g.,67

40-56 km; S. M. Peacock, 1996; P. C. England & Katz, 2010). A common coupling depth68

is attractive for at least two reasons: Firstly, it helps explain the relatively narrow range69

of sub-arc slab depths (P. England et al., 2004; Syracuse & Abers, 2006) as mechanical70

coupling is expected to be closely associated with the onset of flux melting. Secondly,71

since mechanical coupling is required to detach and recover rocks from the down-going72

slab (Agard et al., 2016), a common depth of coupling may also help explain why the73

maximum pressures recorded by subducted oceanic material worldwide is ca. 2.3-2.5 GPa74

(roughly 80 km; Agard et al., 2009).75

Beyond playing a crucial role in subduction zone thermal structure, the location76

and extent of mechanical coupling along the slab-mantle interface is implicated in a myr-77

iad of subduction zone geodynamics (seismicity, metamorphism, volatile fluxes into the78

mantle wedge, volcanism, slab motion and trench retreat, etc.; e.g., S. A. Peacock, 1990;79

S. M. Peacock, 1991, 1993, 1996; S. M. Peacock & Hyndman, 1999; Hacker et al., 2003;80

van Keken et al., 2011; Grove et al., 2012; Č́ıžková & Bina, 2013; Gao & Wang, 2017).81

Consequently, the mechanics of coupling have been extensively studied and discussed.82

Coupling fundamentally depends on the strength (viscosity) of materials above, within,83

and below the slab-mantle interface. In general, high water fluxes due to compaction and84

dehydration of clays and other hydrous minerals in the shallow forearc mantle wedge,85

coupled with increases in pressure and temperature, form layers of low viscosity sheet86

silicates—especially talc and serpentine—that inhibit transmission of shear stress from87

the slab to the mantle wedge (S. M. Peacock & Hyndman, 1999). The lack of traction88

along the interface combined with cooling from the subducting slab surface ensures the89

shallow mantle wedge remains cold and rigid. Experimentally determined flow laws (e.g.,90

see summary of Agard et al., 2016), petrologic observations (e.g., see summary of Agard91

et al., 2018), and geophysical observations (e.g., S. M. Peacock & Hyndman, 1999; Gao92

& Wang, 2014) all support the plausibility of this conceptual model of subduction in-93

terface behavior.94

Here we focus on two fundamental questions: 1) What controls the depth of slab-95

mantle mechanical coupling? 2) How does coupling depth change through time? To ad-96

dress these questions, we use two-dimensional thermomechanical models of subduction97

to investigate potential correlations between the slab-mantle coupling depth, backarc litho-98

spheric thickness (inverted from backarc heat flow), and slab thermal parameter (Φ). Wada99

and Wang (2009) previously investigated steady-state slab-mantle coupling depths by100

modelling 17 active subduction zones. Among other parameters, their models specified101

convergence rate, subduction geometry, thermal structure of incoming and overriding plate,102

and degree of coupling vs. decoupling with depth along the subduction interface. No-103

tably, their models prescribed the mechanical coupling depth for each subduction zone,104

did not include mineral reactions that might influence rheologies, and discriminated the105

best-fit depth based on observed fore-arc heat flow. In our models, we also specify hor-106

izontal convergence velocity and thermal structure of the incoming and overriding plates,107

as one would for modeling a modern system. However, the geometry of the subduction108

system and (most importantly) the point of mechanical coupling are allowed to evolve109

independently until they reach steady state. That is, the coupling depth in each of our110

models is an emergent rather than prescribed feature. As in other previous studies (e.g.,111

Ruh et al., 2015), we also include the rheological effect of the dehydration reaction antigorite⇔112

olivine + orthopyroxene + H2O, which drives mechanical coupling by an abrupt vis-113

cosity increase with antigorite loss. The position of this reaction along the subduction114

interface determines the coupling depth.115
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We quantify the effects of the slab thermal parameter and backarc lithospheric thick-116

ness on the depth of this reaction using linear regression. We then visualize thermal feed-117

backs within the system in terms of the distributions of temperature, viscosity, and the118

effective Péclet number (the ratio of heat advection to heat conduction). Last, we dis-119

cuss how these feedbacks stabilize the coupling depth through millions of years of sub-120

duction.121

2 Numerical Modelling Methods122

Our models simulated converging oceanic-continental plates, where an ocean basin123

is being consumed by subduction at a continental margin (Fig. 1). The core code was124

modified from previous modeling studies of active margins (e.g., Gorczyk et al., 2007;125

Sizova et al., 2010), although slab-mantle coupling was not the focus of their studies. Our126

approach was to use identical material properties (Table 1), rheological model, and hy-127

dration/melt model as Sizova et al. (2010, ; see Appendix A). Our version differed from128

Sizova et al. (2010) in its initial setup, overall dimension, resolution, the shape of the con-129

tinental geotherm, the slab dehydration model, and the left boundary condition (origin130

of the subducting slab). Sixty-four models were constructed varying convergence rate,131

subducting plate age, and the lithospheric thickness of the overriding plate (Fig. 2).132

2.1 Initial setup and boundary conditions133

Our two-dimensional model was 2000 km wide and 300 km deep (Fig. 1). In the134

model domain, three governing equations of heat transport, motion, and continuity were135

discretized and solved using a conservative finite-difference with marker-in-cell approach136

on a fully staggered grid as outlined in Gerya and Yuen (2003, code: I2VIS). The model137

resolution was non-uniform with higher resolution (1 km x 1 km) in a 600 km wide area138

surrounding the contact between the ocean basin and continental margin and gradually139

changing to lower resolution (5 km x 1 km, x- and z-directions, respectively) outside of140

this area. The left and right boundaries were free-slip and thermally insulative (Fig. 1a).141

The implementation of “sticky” air and water allowed for a free topographical surface142

with a simple linear sedimentation and erosion model. The lower boundary was open to143

allow for slab penetration and spontaneous slab motion.144

A horizontal convergence velocity was applied to both plates in a rectangular re-145

gion far from the continental margin (Fig. 1a). A convergence force and initial weak layer146

(high pore fluid pressure) cutting the lithosphere permitted subduction to initiate. The147

rectangular convergence regions prescribed inside the plates maintained a constant vis-148

cosity of η = 1025Pa · s to apply constant horizontal velocities without deforming the149

lithosphere. The subduction angle was not prescribed and was governed by the free-motion150

of the sinking slab. Similarly, subduction velocity can vary with time in response to ex-151

tension or shortening of the overriding plate. Therefore, we calculated the slab thermal152

parameter (Φ) as the product of the horizontal convergence velocity (km/Ma) and the153

slab age (Ma; c.f. McKenzie, 1969). We use Φ/100 as it is commonly presented in the154

literature to reduce the thermal parameter to convenient figures (Fig. 2a).155

2.2 Calculating geotherms and defining lithospheric thickness156

The oceanic crust was modeled as 1 km of sediment cover overlying 2 km of basalt157

and 5 km of gabbro (Fig. 1b). Oceanic lithosphere was continually made at a pseudo-158

mid-ocean ridge on the left boundary of the model and an enhanced vertical cooling con-159

dition was applied at 200 km from the mid-ocean ridge to adjust for the proper oceanic160

plate age, and therefore its lithospheric thickness as it enters the trench (Fig. 1c; Agrusta161

et al., 2013). We used plate ages from 32.6 to 110 Ma and convergence velocities from162
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Figure 1: Initial model configuration and boundary conditions. (a) A free sedimentation/erosion boundary at
the surface is maintained by implementing a layer of “sticky” air and water, and an infinite-like open boundary
at the bottom allows for slab penetration. Oceanic lithosphere is continually created at the left boundary and
convergence velocities are imposed at stationary regions far from the trench. The left and right boundaries are
free slip and insulative. (b) The initial material distribution includes 7 km of oceanic crust (2 km basalt, 5 km
gabbro), 1 km of oceanic sediments, and 35 km of continental crust, thinning ocean-ward. The oceanic crust
is bent under loading from passive margin sediments, and a weak zone (high pore fluid pressure) extends from
the deflected oceanic crust, through the lithosphere, to help induce subduction. (c) The oceanic geotherm is
calculated using a half-space cooling model and the continental geotherm is calculated using a one-dimensional
steady-state conductive cooling model to 1300 ◦C. The base of the lithosphere is defined mechanically through
visualization of viscosity and generally coincides with the 1100 ◦C isotherm (z1100).

Figure 2: The range of key parameters investigated in this study. (a) Modelled slab ages and convergence ve-
locities broadly reflect the middle-range of the global distribution of modern subduction zones with thermal
parameters ranging from 13 to 110 km/100. Model names include the prefix “cd” for “coupling depth” with
arbitrarily increasing alphabetic suffixes. (b) Geotherms were constructed using a one-dimensional steady-state
conductive cooling model using T(z=0) = 0 ◦C and q(z=0) = 59, 63, 69, 79 mW/m2, and constant radiogenic
heating of 1.0 µW/m3 for a 35 km-thick crust and 0.022 µW/m3 for the mantle. The continental geotherms are
calculated up to 1300 ◦C, with a 0.5 ◦C/km gradient (the mantle adiabat) for higher temperatures.
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40 to 100 km/Ma (Fig. 2a). This range of slab parameters broadly reflects the middle-163

range of the modern global subduction system (Syracuse & Abers, 2006).164

The initial continental geotherms were determined by solving the heat flow equa-165

tion in one-dimension to 1300 ◦C (Fig. 2b). We assumed a fixed temperature of 0 ◦C166

at the surface, constant radiogenic heating of 1 µW/m3 in the 35 km-thick continental167

crust and 0.022 µW/m3 in the mantle, and thermal conductivities of 2.3 W/mK and 3.0168

W/mK for the continental crust and mantle, respectively. Below the 1300 ◦C isotherm169

the temperature increases by 0.5 ◦C/km (the mantle adiabat).170

Many studies define the base of the continental lithosphere at the 1300 ◦C isotherm,171

but it can be determined more accurately from viscosity and strain rate as the model172

progresses. The mechanical base of the lithosphere in our models generally occurred around173

the 1100 ◦C isotherm—characterized by a rapid decrease in viscosity and increase in strain174

rate. As such, we consider the oceanic and continental lithosphere in this study as me-175

chanical layers. For convenience, we refer to the continental lithospheric thickness as z1100176

because its correspondence with the 1100 ◦C isotherm makes it discernable in figures where177

we draw isotherms, but do not explicitly visualize viscosity or strain rate. To match our178

modelled range of backarc heat flow, z1100 ranged from 46 to 94 km (Fig. 2b).179

2.3 Metamorphic (de)hydration reactions180

Our use of Lagrangian markers to store pressure, temperature, and rheology cor-181

responding with rock-specific flow laws allows for changes to material properties (e.g.,182

viscosity, density, etc.) that can result from metamorphic reactions. In our models, we183

focused on dehydration reactions in the slab and the formation and breakdown of antig-184

orite in the mantle wedge. For computational efficiency our models did not solve for ther-185

modynamically stable mineral assemblages to compute water contents for the slab and186

mantle wedge (e.g., Connolly, 2005). Instead, for the slab, we implemented a simple model187

for gradual dehydration (eclogitization) of the crust computed as a linear function of depth188

(lithostatic pressure) with a maximum depth (150 km) where the slab was completely189

dehydrated. This approach effectively simulates a continuous influx of water to the man-190

tle wedge, beginning with compaction and release of connate water at shallow depths,191

followed by a sequence of reactions consuming major hydrous phases (chlorite, lawsonite,192

zoisite, chloritoid, talc, amphibole, and phengite) in different parts of the hydrated basaltic193

crust (Schmidt & Poli, 1998).194

For the mantle wedge, hydration of strong peridotite to form weak brucite and ser-195

pentine along the subduction interface is likely responsible for mechanical decoupling be-196

tween the slab and the mantle wedge at shallow levels (S. M. Peacock & Hyndman, 1999;197

Hyndman & Peacock, 2003). If so, noting that brucite breaks down at much lower tem-198

peratures than serpentine (Schmidt & Poli, 1998), the loss of serpentine likely represents199

the key transition from a weak wedge (and subduction interface) to a strong wedge. De-200

hydration of serpentine was modelled as an abrupt, discontinuous reaction, which is a201

good approximation for extremely Mg-rich rocks like peridotites. The P-T conditions202

of the reaction antigorite⇔ olivine+orthopyroxene+H2O were based on the exper-203

imentally determined stability field from Schmidt and Poli (1998) and implemented into204

our model using the following equation:205

Tatg−out(z) =

{
751.50 + 6.01e−3z − 3.47e−8z2, z < 6300m
1013.2− 6.04e−5z − 4.29e−9z2, z > 6300m

(1)

where z is the depth of a marker from the surface in meters and T is temperature206

in Kelvins. This reaction placement is also consistent to within 25 ◦C with recent ex-207

periments (Shen et al., 2015). Under assumptions of thermodynamic equilibrium, mark-208
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ers whose internal temperature exceeds T (z) spontaneously formed olivine+orthopyroxene+209

H2O, releasing their crystal-bound water.210

The excess water released by a rock marker was modelled as a fluid particle that211

migrates through rocks with a velocity defined by pressure gradients (Faccenda et al.,212

2009, see Appendix A). The fluid particle migrates until it reaches material that can con-213

sume an additional amount of water by equilibrium hydration reactions (e.g. equation 1).214

Theoretically, the mantle can store large amounts of water because antigorite is stable215

at shallow mantle conditions and can contain up to 13 wt.% water (Reynard, 2013). Ther-216

modynamic models predict 8 wt.% water in the mantle wedge (Connolly, 2005). How-217

ever, seismic studies suggest that most forearcs are only partially serpentinized (< 20-218

40 %), equating to water contents of ca. 3-6 wt.% (Abers et al., 2017; Carlson & Miller,219

2003). Therefore we limit mantle wedge hydration to ≤ 2 wt.% H2O and assume any220

H2O in excess exits the system through channelized fluid flow (Davies, 1999).221

2.4 Calculating surface heat flow222

We calculated vertical heat flux based on the temperature difference between the223

2 km deep node and the next lower node, their separation distance, and the average ther-224

mal conductivity between them. We calculated heat flux at 2 km depth rather than at225

the surface to avoid numerical errors.226

2.5 Visualization and determination of coupling depth227

For each run (e.g., Fig. 3) we made calculations at ∼10 Ma for surface heat flow228

(Fig. 3a) and visualized rock type (Fig. 3b, c), temperature (Fig. 3d), viscosity (Fig. 3e),229

strain rate (Fig. 3f), and the effective Péclet number (detailed below). We chose 10 Ma230

because changes to the overall dynamics and thermal structure are small after ca. 5 Ma231

and the additional 5 Ma provides sufficient time for the geodynamics to fully stabilize232

(see Fig. A1).233

We determined the mechanical coupling depth (zc) by visualizing viscosity at ∼10234

Ma and selecting a node closest to the point where the viscosity contrast between the235

serpentinized- and non-serpentinized basal mantle wedge diminishes to < 102 Pa·s (Fig. 3e).236

In this study we assume that the mechanical coupling depth occurs instantaneously and237

at a single node. However, mechanical coupling in reality must be dispersed across a fi-238

nite length along the slab-mantle interface. At the resolution of our models, there was239

a small area (ca. 5x5 km or 5x5 nodes) where zc could appropriately be determined, giv-240

ing an uncertainty in our zc determination on the order of ± 2.5 km.241

2.6 Calculation of the “effective Péclet number”242

We calculated what we call the “effective Péclet number” to visualize and evalu-243

ate potential thermal feedbacks affecting the stability of antigorite in the mantle wedge.244

In its normal formulation, the Péclet number is a dimensionless number used to visu-245

alize the relative magnitude of (potential) heat transfer via advection vs. diffusion in a246

continuum (Patankar, 2018):247

Pe =
advective transport rate

diffusive transport rate

Pe =
Lv

α

α =
κ

ρcp

(2)
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(a)
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small ∇Tmax

Strong advection,
large ∇Tmax

45 km/Ma

(c)

(e)

(g)

Figure 3: Visualization of model cdf with a 78 km-thick backarc lithosphere at ∼10 Ma. Arc positions are
marked by triangles. (a) Surface heat flow calculated at a depth of 2 km beneath the surface (see text for
explanation). (b) Rock type for the entire model domain. (c) Rock type in the region from the trench to ap-
proximately 220 km into the backarc. By 10 Ma a serpentine channel has formed, entraining material from the
top of the down-going slab and lubricating the interface between slab and mantle. (d) Temperature distribution.
(e) Log viscosity. The viscosity contrast between the slab and serpentinized mantle in the forearc effectively
decouples the slab and mantle wedge mechanically, but abruptly diminishes as the principally weak material
(antigorite) is removed by reaction. (f) Log strain rate. In the shallow forearc, strain is localized in the weak
serpentine channel. At the antigorite-out reaction, strain localization jumps towards the warm core of the mantle
wedge. Circulation in the mantle wedge is restricted to beneath the stiff lithosphere. (g) Effective Péclet num-
ber. The effective Péclet number is the ratio of advective:conductive heat transport, scaled to the local thermal
gradients (see text for formulation). “Cooler” colors (blues) vs. “warmer” colors (reds) indicate advection up
vs. down the thermal gradient, i.e., high values show advection in the same direction as diffusion. An absolute
value between 0 and 10 (green) indicates much greater efficiency of heat transfer via thermal diffusion than
via advection, whereas absolute values greater than 40 (blues and reds) indicate high efficiency of heat transfer
via advection and/or a small local thermal gradient. Note the narrow region of dark red streaming towards the
coupling point, indicating high efficiency of heat advection into the coupling region.
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where L is a characteristic length, v is the local velocity of the continuum, α is ther-248

mal diffusivity (or thermal diffusion coefficient), κ is thermal conductivity, ρ is the den-249

sity, and cp is specific heat capacity. It is important to recognize that equation 2 makes250

no explicit reference to the direction of heat transport. In particular, while heat always251

conducts down the (maximum) temperature gradient, i.e., perpendicular to isotherms252

and from high temperature to low temperature, advection may occur in any direction.253

Thus, depending on flow paths, advection could (a) augment local heat transport (a com-254

ponent of flow is parallel to and in the same direction as diffusion), (b) retard local heat255

transport (a component of flow is parallel to but in the opposite direction as diffusion)256

or (c) have no effect on local heat transport (flow is parallel to isotherms).257

In regions of complex flow dynamics and thermal structure, the standard formu-258

lation of the Péclet number can lead to implausible interpretations. For example, below259

the coupling depth, the base of the mantle wedge cools and new lithosphere forms atop260

the slab, which is dragged down by slab motion (Fig. 3e, g). This region has a high Péclet261

number, as calculated by equation 2, because the local velocity is very high and the ther-262

mal diffusion coefficient is only moderate. This form of the Péclet number implies that263

thermal advection dominates heat transport. However, the closely spaced isotherms (large264

temperature gradients) within the same region imply that thermal diffusion is highly ef-265

fective at transporting heat (Fig. 3g), while flow paths are nearly parallel to isotherms,266

implying that advection is ineffective. In terms of the effectiveness of heat transport, dif-267

fusion strongly outweighs advection, so intuitively the Péclet number should be small,268

not large.269

To better characterize heat transfer, we scale the Péclet number to the local ther-270

mal gradients as follows:271

Pe =
Lv∇Tv
α∇Tmax

(3)

where ∇Tv is the local thermal gradient in the direction of the local velocity field,272

and ∇Tmax is the maximum local thermal gradient that defines the effectiveness of heat273

diffusion. This formulation gives a better sense of heat transfer in a system where ther-274

mal gradients and velocity fields are highly non-uniform and have high contrasts. For275

the characteristic length scale, L, we use the slab thermal parameter, which scales the276

expression to the convergence velocity of the slab and the slab age, conveniently yield-277

ing numbers between 0 and 100 in most models. The final expression becomes:278

Pe =
Φv∇Tv
α∇Tmax

(4)

Because the temperature gradient in the direction of local flow can be positive or279

negative, the effective Péclet number can be positive or negative, where negative values280

indicate that advection and diffusion operate in opposite directions.281

3 Results282

3.1 Coupling depth predictors283

Across all 64 numerical models (Fig. 4; Table 2) coupling depth correlates strongly,284

but not linearly, with increasing backarc lithospheric thickness (z1100; Fig. 5a). This cor-285

relation is a key result of our experiments. Slab thermal parameter alone does not cor-286

relate obviously with coupling depth (Fig. 5b). We determined the best fit model by con-287

sidering standard least squares regressions that include all possible permutations of the288

variables z1100, z2
1100, and Φ (Tables A1 and A2):289

–10–



manuscript submitted to Geochemistry, Geophysics, Geosystems

Figure 4: Visualized table of coupling depth as determined across a range of lithospheric thicknesses and ther-
mal parameters. Note that the thermal parameter axis is not linear. Corresponding experiment is listed along
the top of the array. Coupling depth increases systematically with increasing backarc lithospheric thickness
(change in grayscale down columns) for all models. Any trend in coupling depth with respect to slab thermal
parameter (change in grayscale across rows) is not apparent.

zcoupling ∼ 0.00495z2
1100 − 0.0927Φ + 63.6 (5)

where z and Φ are in km. Equation 5 permits the prediction of the mechanical cou-290

pling depths in modern subduction zones where backarc lithospheric thickness (inverted291

from backarc heat flow) and slab thermal parameter can be estimated. A web-based ap-292

plication to perform such calculations is available for free online (see Appendix A)293

Table 2: Experimental results

Experiment Litho-
spheric

Thickness
(km)

Thermal
Parameter
(km/100)

Coupling
Depth

(km)

cda 46 13.0 66
cdb 46 21.5 74
cdc 46 26.1 69
cdd 46 32.6 67
cde 46 22.0 72
cdf 46 36.3 78
cdg 46 44.0 78
cdh 46 55.0 59
cdi 46 34.0 80
cdj 46 56.1 70
cdk 46 68.0 58
cdl 46 85.0 65
cdm 46 44.0 79
cdn 46 72.6 70
cdo 46 88.0 68
cdp 46 110 64
cda 62 13.0 80
cdb 62 21.5 79

Continued on the next page
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Table 2: Experimental results (cont.).

Experiment Litho-
spheric

Thickness
(km)

Thermal
Parameter
(km/100)

Coupling
Depth

(km)

cdc 62 26.1 78
cdd 62 32.6 77
cde 62 22.0 87
cdf 62 36.3 82
cdg 62 44.0 75
cdh 62 55.0 70
cdi 62 34.0 91
cdj 62 56.1 77
cdk 62 68.0 72
cdl 62 85.0 67
cdm 62 44.0 88
cdn 62 72.6 77
cdo 62 88.0 74
cdp 62 110 75
cda 78 13.0 87
cdb 78 21.5 94
cdc 78 26.1 97
cdd 78 32.6 97
cde 78 22.0 90
cdf 78 36.3 90
cdg 78 44.0 88
cdh 78 55.0 85
cdi 78 34.0 97
cdj 78 56.1 91
cdk 78 68.0 84
cdl 78 85.0 77
cdm 78 44.0 78
cdn 78 72.6 87
cdo 78 88.0 85
cdp 78 110 78
cda 94 13.0 95
cdb 94 21.5 101
cdc 94 26.1 108
cdd 94 32.6 113
cde 94 22.0 100
cdf 94 36.3 104
cdg 94 44.0 104
cdh 94 55.0 104
cdi 94 34.0 101
cdj 94 56.1 102
cdk 94 68.0 101
cdl 94 85.0 107
cdm 94 44.0 106
cdn 94 72.6 102
cdo 94 88.0 98
cdp 94 110 108
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Figure 5: Single parameter regressions. (a) Coupling depth vs. thermal parameter. No significant correlation
occurs between coupling depth and the slab thermal parameter (the slope is not significantly different than
zero). The thermal state of the slab has little effect on coupling depth and cannot be used as a standalone
predictor. (b) Coupling depth vs. lithospheric thickness. Coupling depth increases nonlinearly with increasing
backarc lithospheric thickness and is best fit by a cubic curve. The correlation is highly significant (see Tables
S1 and S2) and explains more than 80% of the variance in coupling depth. Lithospheric thickness alone predicts
coupling depth well.

–13–



manuscript submitted to Geochemistry, Geophysics, Geosystems

(a)

60

70

80

90

100110

0

25

50

75

100

0 40 80 120
Slab Thermal Parameter Φ/100 (km/100)

Li
th

os
ph

er
ic

 T
hi

ck
ne

ss
, z

11
00

 (k
m

)

(b)

60

70

80

90

100110

N. Cascadia

Nankai

Mexico

Columbia-Ecuador

SC Chile

Kyushu

N. Sumatra

Alaska
N. Chile

N. Costa Rica

Aleutians

N. Hikurangi

Mariana

Kermadec

Kamchatka

Izu NE Japan

0

25

50

75

100

0 40 80 120
Slab Thermal Parameter Φ/100 (km/100)

Li
th

os
ph

er
ic

 T
hi

ck
ne

ss
, z

11
00

 (k
m

)

mean

2 σ =2 11 σ =2 11 σ = 11

(c)

0.00

0.04

0.08

0.12

-10 -5 0 5 10
Δpredicted−measured Coupling Depth (km)

Pr
ob

ab
ilit

y

mean
median

2 σ =2 41 σ =2 41 σ = 14

(d)

0.00

0.02

0.04

70 80 90 100 110
Coupling Depth (km)

Pr
ob

ab
ilit

y

Figure 6: Multivariate regression and evaluation of predicted coupling depths for models and for present-day arc
segments. (a) Contour plot shows predicted coupling depths (contours) as a function of slab thermal parameter
and lithospheric thickness using our equation 5. Each data point represents one numerical model. The size and
shades of the data points correspond to their measured coupling depth. Including thermal parameter improves
quality of fit (see Table A2) although coupling depth depends much more strongly on lithospheric thickness than
thermal parameter. (b) Plotting positions of 17 modern subduction zone segments based on data from (Wada &
Wang, 2009). Subduction systems with similar thermal parameters can have quite different predicted coupling
depths (e.g., Alaska vs. N. Sumatra), while subduction systems with quite different thermal parameters can have
quite similar predicted coupling depths (e.g., Kamchatka vs. N. Cascadia) (c) The difference between measured
vs. predicted coupling depths for all 64 numerical models, indicating a precision of 0 ± 11 km. (d) Distribution
of predicted coupling depths for the 17 modern subduction zones shown in (b). The light dashed line is the
probability density of the data if Nankai and Mexico are considered outliers and excluded. Considering outliers
does not significantly change the mean or median. These 17 segments span a large range of thermal parameters
but are predicted to have coupling depths of 82 ± 14 km.

In a plot of lithospheric thickness vs. slab thermal parameter (Fig. 6a), contours294

of coupling depth are shallowly sloped, indicating that lithospheric thickness is more im-295

portant than slab thermal parameter in predicting coupling depth. The misfit between296

equation 5 and model estimates is normally distributed, indicating an uncertainty in pre-297

dicted coupling depth of 0 ± 11 km (2σ; Fig. 6c). Predicted coupling depth for 17 mod-298

ern subduction segments where backarc heat flow data are adequate for inverting for litho-299

spheric thickness (Fig. 6b; Table 3; data from Wada & Wang, 2009) show a wide range300

of predicted coupling depths, similar to our model simulations. Predicted coupling depths301

for modern subduction zones are distributed normally, with a mean of ∼82 km and vari-302

ation of ± 14 km (2σ; Fig. 6d).303

3.2 Surface heat flow304

Calculated surface heat flow for numerical models with low to moderate slab ther-305

mal parameters (solid and short-dashed lines; Fig. 7) converge on uniform values of sur-306

face heat flow in the backarc region. However, all numerical models show some high-amplitude307
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(d) Lithospheric Thickness = 94 km0
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Figure 7: Surface heat flow calculations vs. normalized distance for models with backarc lithospheric thicknesses
of (a) 46, (b) 62, (c) 78, and (d) 94 km. Normalized distance is the true distance relative to the trench divided
by the distance between the arc and trench. Light grey lines show the entire range of heat flow values and bold
lines emphasize models with low (cda), intermediate (cdf), and high (cdp) slab thermal parameters. High ampli-
tude fluctuations in heat flow in the arc region (normalized distance ≈1.0) correspond to vertical migration of
fluids and melts. In the backarc region, these fluctuations correspond to backarc extension associated with the
oldest and fastest-moving slabs. Models with no extension fall within a narrow range of surface heat flow values
in the backarc region.

and high-frequency positive deviations in heat flow within the arc and backarc regions308

(Fig. 7), especially for the oldest slabs with the highest convergence rates (highest Φ).309

These deviations correspond to strong extensional deformation and heat transport via310

lithospheric thinning and melt migration (long-dashed lines, Fig. 7). These heat flow ex-311

cursions underscore the importance of characterizing extensional deformation and local312

advective heat transport by fluids before attempting to invert surface heat flow data to313

infer backarc lithospheric thickness.314

A comparison of surface heat flow across numerical models with identical slabs, but315

varying backarc lithospheric thickness (model cdf with 46, 62, 78, and 94 km-thick litho-316

spheres) shows very similar values of heat flow in the forearc (normalized distance ≤ 0.75;317

Fig. 8). In contrast, surface heat flow in the near-arc to backarc (normalized distance318

> 0.75; Fig. 8) disperses systematically and reflects initial steady-state continental geotherms319

(i.e. lithospheric thickness).320
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Figure 8: Surface heat flow vs. normalized distance for model cdf with backarc lithospheric thicknesses ranging
from 46 to 94 km. The range of surface heat flow values in the forearc (normalized distance between 0.0 and 1.0)
is narrow and shows little dispersion until near the arc (normalized distance between 0.75 and 1.0). Surface heat
flow broadly disperses in the backarc (normalized distance > 1.0) and reflects the initial continental geotherm
(lithospheric thickness). A simple relationship between surface heat flow and lithospheric thickness may be
obscured in any region experiencing an addition of heat from extension or vertical migration of fluids, especially
within the arc-region.

4 Discussion321

4.1 Reaction Mechanism and Thermal Controls on Slab-Mantle Mechan-322

ical coupling323

In our numerical experiments, slab-mantle mechanical coupling is spatially asso-324

ciated with the reaction of (weak) antigorite to form (stronger) wet olivine. An antigorite-325

rich serpentinized subduction channel spontaneously forms atop the dehydrating slab,326

localizing strain, lubricating the slab-mantle interface, and mechanically decoupling the327

slab and mantle wedge (e.g., Ruh et al., 2015; Agard et al., 2016). As anticipated, it is328

the viscosity increase resulting from the transformation of antigorite (η ≈ 1017) to wet329

olivine (η ≈ 1023) that causes slab-mantle mechanical coupling in our models, where330

the depth of this reaction is primarily controlled by a balance of competing thermal feed-331

backs acting in the upper plate. Cooling and hydration of the upper lithospheric man-332

tle wedge (antigorite stabilization) and heating from the lower circulating asthenospheric333

mantle wedge (antigorite destabilization) compete to fix the antigorite-out reaction at334

depth (Fig. 9).335

The entire process can be conceptualized in terms of the effective Péclet number.336

Cooling of the mantle wedge occurs mainly via diffusive heat loss to the slab along the337

entire length of the subducted slab-top, as indicated by the bowed isotherms and rela-338

tively low (-20 < Pe < 20) effective Péclet values along the slab-mantle interface (Fig. 9a).339

At shallow levels, water released from the slab stabilizes serpentine in the overriding man-340

tle, effectively decoupling the slab mechanically from the mantle (Fig. 9b, point a). This341

mechanical decoupling promotes antigorite stabilization to greater depths because the342

mantle wedge stagnates and continues to cool and receive water from the dehydrating343

slab—a positive feedback for the formation of serpentinite. Stagnation is evident by near-344

zero effective Péclet values within the lithospheric mantle wedge (Fig. 9a). We note that345

the warm-colored band that tracks the minimum thermal gradient does not indicate un-346

usually efficient advective heat transport (the numerator of equation 4 is not especially347

large), but rather inefficient diffusive heat transport in the context of a small thermal348

gradient (the denominator of equation 4 is small).349

At deeper levels, beyond the stability of antigorite, diffusive heat loss from the man-350

tle to the slab forms a thickening layer of new lithosphere atop the slab (Fig. 9b, point351
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(b)

900 ˚C900 ˚C

1100 ˚C

(a)

700 ˚C

Weak advection,
very small ∇Tmax

Conductive cooling

Strong advection,
small ∇Tmax

Strong advection,
large ∇Tmax

700 ˚C
1100 ˚C

a

b

c
d

e

Figure 9: Visualization of the effective Péclet number and viscosity near the coupling region at ∼10 Ma for
model cdf with lithospheric thickness of 78 km. (a) Effective Péclet number. Advection dominates transport of
heat towards the coupling point (thin dark red region in the asthenospheric mantle wedge), whereas diffusion
contributes significantly to transport of heat away from the coupling point by the slab (yellow-green region
within the slab). (b) Viscosity. Coupling occurs at the point where the viscosity contrast between the slab and
mantle approaches zero. The layer of small cyan-green dots of lower viscosity in the slab reflect serpentine alter-
ation that occurred along bending faults near the trench. Reference points a-e are used for discussing reaction
mechanisms and thermal feedbacks during the transition to slab-mantle mechanical coupling.
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b). Downward motion of this new lithosphere (Fig. 9b, point b) relative to the deepest352

extent of the stiff forearc mantle (Fig. 9b, point c) creates a pressure gradient that at-353

tracts flow of the weakest materials—serpentinite from the up-dip direction (Fig. 9, point354

d) and hot mantle from below (Fig. 9, point e). Flow of hot mantle into the necking re-355

gion between points b and c is analogous to passive asthenospheric upwelling toward a356

mid-ocean ridge where two strong cooling lithospheric plates diverge. Highly efficient heat357

advection from the warm mantle wedge core (dark red stream at T > 1100 ◦C; Fig. 9a)358

drives reaction of serpentinite to form wet olivine—a negative feedback to the formation359

of serpentinite.360

It is the finely-tuned balance of serpentine stability—the addition of water into a361

diffusively cooling, shallow mantle to produce serpentine vs. the advection of heat from362

the deeper mantle to remove it—that defines the coupling depth.363

4.2 The impact of z1100 and Φ on coupling364

How does backarc lithospheric thickness (z1100) influence coupling depth? The lithosphere-365

asthenosphere boundary of the upper plate defines the permissible flow field of circulat-366

ing upper mantle, limiting highly efficient heat advection to below the base of the me-367

chanical lithosphere (c.f. Fig. 10a-d). Thin upper plate lithospheres (Fig. 10a, b) per-368

mit shallower mantle wedge circulation and advection of heat farther up the subduction369

interface. This shallow circulation raises the depth of the serpentine breakdown reaction370

and mechanical coupling. Thick upper plate lithospheres (Fig. 10c, d) restrict mantle371

wedge circulation and advection of heat to deeper levels, shifting the serpentine break-372

down reaction and mechanical coupling to greater depths.373

In our models, the thermal state of the slab, as represented by the thermal param-374

eter (Φ), has almost no effect on the mechanical coupling depth. Previous studies of mod-375

ern subduction zones also concluded that coupling appears to be insensitive to slab age376

and convergence velocity (Furukawa, 1993; Wada & Wang, 2009). The likely reason that377

Φ makes so little difference is because slab dynamics drive mantle wedge circulation and378

mantle wedge cooling in opposite directions. High-Φ slabs (older slabs with higher ve-379

locities) cool the mantle wedge more effectively, but also result in stronger mantle cir-380

culation and greater heat advection. In contrast, low-Φ slabs (younger slabs with lower381

velocities) are less effective in cooling the mantle wedge, but also result in weaker man-382

tle circulation and less heat advection. That is, the shallow vs. deep impacts of Φ tend383

to cancel each other, explaining the lack of strong correlation between coupling and ther-384

mal parameter.385

4.3 Predicting Coupling Depths in Subduction Zones386

Theoretically, coupling depth can be predicted directly from forearc heat flow us-387

ing forward modelling techniques to fit surface heat flow data (e.g., Wada & Wang, 2009).388

However, we caution against using fore-arc heat flow data because a) forward models ad-389

just the mechanical coupling depth independently from the backarc thermal structure,390

which is inconsistent with the inherent link between mechanical coupling and backarc391

thermal structure discussed above (e.g. Figs. 8, 10), b) data are typically sparser in the392

forearc region compared to the backarc region (Currie & Hyndman, 2006), and c) shear393

heating and crustal plutonism can contribute to surface heat flow in the forearc (Gao394

& Wang, 2014; Rees Jones et al., 2018), complicating any simple correspondence with395

coupling depth.396

Instead, we recommend predicting mechanical coupling depth in modern subduc-397

tion zones based on equation 5 and estimates of backarc lithospheric thickness (as es-398

timated from backarc heat flow) and slab thermal parameter. The slab thermal param-399

eter is inventoried for most subduction zone segments (Syracuse & Abers, 2006), but a400
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(a) 46 km thick backarc

(b) 62 km thick backarc

(c) 78 km thick backarc

(d) 94 km thick backarc

Figure 10: Variation in effective Péclet number for the standard model, cdf, with backarc lithospheric thickness
of (a) 46, (b) 62, (c) 78, and (d) 94 km. All models are visualized at ∼10 Ma and plotted on the same scale
and location within the model domain. All models display broadly similar distributions of the effective Péclet
number, but the thin dark red streams focus on the subduction interface at different depths. In each model, the
thin red stream flowing towards the coupling point is limited to the base of the upper-plate lithosphere, z1100.
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corresponding dataset of lithospheric thicknesses does not exist. Several geophysical and401

petrologic methods might be considered for independent estimates of lithospheric thick-402

ness (e.g. seismic velocities, flexure, heat flow, mantle xenoliths, etc.), but we prefer to403

focus on backarc surface heat flow because of its direct correspondence with thermal struc-404

ture. In this approach, backarc lithospheric thickness is estimated using simple one-dimensional405

heat transport models assuming values for radiogenic heat production in the crust (e.g.,406

Rudnick et al., 1998). That is, one can use compiled backarc heat flow data to invert for407

backarc lithospheric thickness, calculate the slab thermal parameter from the product408

of slab age and convergence velocity, and apply equation 5 to estimate mechanical cou-409

pling depth. Of course, care must be taken to avoid backarcs with strong extensional de-410

formation or conspicuous heating from magmatism because heat flow in these regions411

will underestimate backarc lithospheric thickness and consequently underestimate cou-412

pling depth.413

4.4 A Common Coupling Depth Globally?414

Mechanical coupling depths in subduction zones are commonly assumed to fall within415

a narrow range of 70-80 km (Wada & Wang, 2009; Syracuse et al., 2010). We tested the416

correlation between backarc lithospheric thickness and coupling depth using the natu-417

ral dataset compiled by Wada and Wang (2009) (Fig. 6b, d). Much of their dataset is418

based on Currie and Hyndman (2006), who infer backarc lithospheric thicknesses for 10419

circum-Pacific subduction zones of 50-60 km (as defined by the 1200 ◦C isotherm). Backarc420

lithospheres are inferred to be relatively thin from uniformly high heat flow (> 70 mW/m2),421

thermobarometric constraints on mantle xenoliths, and P-wave velocities (Currie & Hyn-422

dman, 2006). The mean value of 82 ± 14 km (2σ) for mechanical coupling depths in our423

analysis (Fig. 6d) roughly matches the preferred depth inferred from forearc heat flow424

data for Cascadia and NE Japan (75-80 km; Wada & Wang, 2009; Syracuse et al., 2010),425

but our predicted coupling depths (Fig. 6d) are distributed more broadly. For example,426

omitting Mexico and Nankai because their Φ values fall outside our modeling domain,427

predicted coupling depths range from ∼100 km (Kyushu) to ∼65 km (Sumatra and NE428

Japan).429

The petrologic record may also provide insight into the consistency of a mechan-430

ical coupling depth. As it approaches the mechanical coupling depth, the serpentine chan-431

nel narrows and focuses return flow. The demise of the serpentine channel at greater depths432

may provide a natural barrier such that rocks within the serpentine channel are more433

likely to be exhumed than rocks below the channel. If so, the abundance of blueschists434

and eclogites whose maximum burial depths are less than the pinchout of the serpen-435

tine channel, i.e., at the mechanical coupling depth, should be greater than rocks with436

greater maximum burial depths. A cumulative probability distribution of data compiled437

by Penniston-Dorland et al. (2015) shows a distinct kink at an inferred depth of ∼80 km438

(Fig. A2). Rocks whose peak metamorphic pressures correspond with depths ≤ 80 km439

are much more likely to be exhumed than rocks metamorphosed at depths > 80 km. In440

fact, nearly all examples of rocks exhumed from greater depths in the compilation of Penniston-441

Dorland et al. (2015) were exhumed in the context of collisions. Logically, the metamor-442

phic record supports a common mechanical coupling depth of ≤80 km.443

Relatively high backarc heat flow (especially in circum-Pacific subduction zones)444

suggests relatively stable and uniformly thin backarc lithospheres in mature subduction445

zones globally that may in turn cause a common depth of slab-mantle coupling. Although446

we do not yet fully understand why the overriding plates may have similar thicknesses,447

we can assume that this is likely related to some processes of lithospheric erosion pro-448

posed for subarc lithosphere (e.g., Sobolev & Babeyko, 2005; Arcay et al., 2006; P. C. Eng-449

land & Katz, 2010). The following mechanisms of lithospheric erosion have been pro-450

posed: lithospheric delamination induced by lower crust eclogitization (e.g., Sobolev &451

Babeyko, 2005), small-scale convection caused by hydration-induced mantle wedge weak-452
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ening (e.g., Arcay et al., 2006), thermal erosion (e.g., P. C. England & Katz, 2010) and453

mechanical weakening (e.g., Gerya & Meilick, 2011) by percolating melts and subarc founder-454

ing of magmatic cumulates (e.g., Jull & Kelemen, 2001). Most of these mechanisms are455

thus strongly related to mantle wedge hydration, melting, and melt transportation to-456

ward volcanic arcs.457

5 Conclusions458

Four important results are highlighted in this study:459

1. The antigorite to olivine dehydration reaction stabilizes where balance is achieved460

between competing thermal feedbacks within the stagnant mantle wedge lithosphere461

(diffusive heat loss and inefficient heat advection) and circulating mantle wedge462

asthenosphere (highly efficient and focused heat advection). The depth of this re-463

action, and thus mechanical coupling, is primarily dependent on the mechanical464

thickness of the backarc lithosphere.465

2. A simple expression fitted to the results of our numerical models allows the me-466

chanical coupling depth to be calculated for subduction zone segments with ad-467

equate surface heat flow data in the backarc region. Back-arc lithospheric thick-468

ness can be inferred from surface heat flow using a one-dimensional steady-state469

conductive cooling model. Together with slab thermal parameter , which is tab-470

ulated for nearly all subduction segments worldwide (Syracuse & Abers, 2006; Syra-471

cuse et al., 2010), coupling depth can be calculated using equation 5.472

3. Consistently high backarc heat flow in circum-Pacific subduction zones (Currie &473

Hyndman, 2006; Wada & Wang, 2009) may indicate a common depth of slab-mantle474

mechanical coupling globally at ca. 80 km. Prior assumptions of slab-mantle me-475

chanical coupling at 70-80 km in thermal models is consistent with our results..476

4. As others have proposed (Currie & Hyndman, 2006; Wada & Wang, 2009) sub-477

duction zones appear to self-organize into stable configurations globally with warm478

(thin) upper plate lithospheres and slab-mantle mechanical coupling at depths of479

ca. 80 km. Questions remain, however, including: 1) How do warm (thin) backarcs480

persist over 100’s of kilometers throughout the lifespan of subduction zones? 2)481

How abrupt is the antigorite-out reaction along the subduction interface?, and 3)482

How can predictive models like equation 5 be improved using natural datasets?483

We propose these questions as topics for future research.484

Appendix A485

Subduction duration to achieve steady state486

In our models, the stability depth of antigorite along the slab-mantle interface in-487

creases with time as the subducting slab cools and hydrates the mantle wedge. We ob-488

served this process proceeding for the first 5 Ma of subduction with the antigorite sta-489

bility depth remaining constant for ca. 10 Ma afterwards (Fig. A1). The change in the490

antigorite stability depth, and therefore the slab-mantle mechanical coupling depth, through491

ca. 10 Ma emerges self-consistently in our models and can help explain how similar con-492

figurations, in terms of the depth to the slab beneath arcs (P. England et al., 2004) and493

thin backarc lithospheres (Currie & Hyndman, 2006), occur in subduction zones with494

different slab ages, convergence rates, geometries, and subduction durations. Our mod-495

elling results indicate that subduction zones quickly (< 5 Ma) develop and stabilize quasi-496

permanent, generalized configurations with a slab-mantle mechanical coupling depth de-497

pendent on the thickness of the backarc lithosphere.498

Exceptions occur in our models with the thinnest backarc lithospheres (z1100 = 46499

km), which exhibited transient behavior after ca. 5 Ma (Fig. A1a). Our models rapidly500
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(< 5 Ma) develop spreading centers in the backarc for these models because of their ex-501

tremely thin (weak) backarc lithospheres. The proximity of a spreading center in the backarc502

region could divert enough heat from the circulating mantle wedge to stabilize antigorite503

to deeper levels in the forearc than in a similar system that does not develop a backarc504

spreading center. This may be tested by artificially increasing the strength of the backarc505

lithosphere for models with very thin backarc lithospheres.506

Absolute minimum coupling depths?507

The form of our preferred cubic regression model shows shallowing of coupling depths508

decelerating with progressively thinner upper plate lithospheres, reaching a minimum509

of ca. 60 km. This implies that the antigorite-out reaction should eventually stabilize510

at ≥ 60 km depth even during nascent subduction and in warm systems with thin up-511

per plate lithospheres. From a theoretical point of view, a thin upper plate lithosphere512

could allow high heat transport to the shallow mantle wedge and hinder stabilization of513

antigorite all together. Olivine plus pyroxene would be the stable mantle minerals and514

strong, shallow coupling between plates would be expected (Gerya et al., 2008). How-515

ever, our models show that even the warmest subduction systems eventually stabilize516

antigorite in the shallow mantle wedge. This is evident by the increasing depth of me-517

chanical coupling with time for the first 5 Ma of subduction (Fig. A1).518
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Figure A1: The depth of antigorite stability at the slab-mantle interface vs. time for models with 46 (a), 62
(b), 78 (c), and 94 km-thick (d) backarc lithospheres. Antigorite stabilization deepens for the first ca. 5 Ma
of subduction and then remains roughly constant for ca. 10 Ma. The exceptions are models with very thin
backarc lithospheres (a), which exhibit transient behavior for at least 15 Ma. The final achieved stability depth
of antigorite increases with increasing backarc lithospheric thickness.

–23–



manuscript submitted to Geochemistry, Geophysics, Geosystems

(De-)hydration model519

The material properties used in our experiments are listed in Table 1. For details520

about the sedimentation and erosion, melting and extraction, and rheological models,521

please refer to Sizova et al. (2010). Here we only discuss the hydrodynamic model, be-522

cause it is the most relevant aspect of our results.523

The hydrodynamics in our models are especially relevant to our results and con-524

clusions since it controls the timing and magnitude of mantle wedge hydration. The main525

sources of water delivered to the mantle are altered basaltic crust and seafloor sediments,526

which we assumed contain up to 5 wt.%H2O. We assumed a gradual expulsion of wa-527

ter from pore space and through quasi-continuous dehydration reactions occurring within528

the slab. Water content is computed using the following equation:529

χH2O(wt.%) = χH2O(p0) × 1− ∆z

150 · 103
(A1)

where χH2O(p0)=5 wt.% and ∆z is a marker’s depth below the topographical sur-530

face.531

If a rock marker dehydrates, an independent water particle is instantaneously gen-532

erated at the same location with the respective H2O content. The new water particle533

is moved in accordance to the local velocity field, described by the following equation:534

vwater = (vx, vz)

vz = vz − vz(percolation)

(A2)

where vwater is the velocity vector of the water particle, vx and vz are the local ve-535

locity vectors in the mantle, and vz(percolation) is a prescribed upward percolation veloc-536

ity (10 cm/year). We implicitly neglect kinetics of reactions, as material properties of537

markers change instantaneously at equilibrium reactions.538

Approaches for implementing slab-mantle mechanical coupling539

Numerical models employ different approaches to simulate the mechanical decoupling-540

coupling transition along the slab-mantle interface. A simple but highly effective approach541

is to prescribe a weak layer extending from the surface to some arbitrary depth or tem-542

perature that inhibits transfer of shear stress across the slab-mantle interface. This ap-543

proach is analogous to implementing a no-slip condition and effectively decouples the slab544

from the mantle. Numerous models use this method (e.g., S. M. Peacock, 1996; S. M. Pea-545

cock & Wang, 1999; Wada & Wang, 2009; Syracuse et al., 2010, , etc.) in part because546

it allows models to be fine-tuned to specific subduction zone configurations. Serpentine-547

or talc-rich horizons are typically invoked to justify mechanical decoupling along the shal-548

low interface.549

Our approach does not explicitly define slab-mantle mechanical coupling, rather550

we use a rheologic model that explicitly follows experimentally determined flow laws and551

mineral stability fields. Conceptually, our approach follows and extends petrologic ex-552

planations for a shallow weak interface: at lower temperatures, a hydrated, serpentine-553

rich (or possibly talc-rich) layer mechanically decouples the mantle wedge from the sub-554

ducting slab (S. M. Peacock & Hyndman, 1999; Hyndman & Peacock, 2003). If so, as555

a corollary, dehydration of serpentine (or possibly talc) at high temperatures must strengthen556

the interface. In that context, and noting that talc is unstable at P > 2.0 GPa in an ul-557

tramafic rock (Schmidt & Poli, 1998), we assigned a serpentine rheology for P-T con-558

ditions below the serpentine-out reaction, and a wet peridotite rheology above it (where559

water was present).560
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To test the sensitivity of coupling on our rheologic model, we ran diverse exper-561

iments that adjusted the rheology of antigorite, the shape and position of the antigorite-562

out reaction, and certain hydrodynamic parameters. For brevity, these results are not563

presented here. The experiments included: 1) Antigorite = wet olivine flow law, 2) antig-564

orite and wet olivine = dry olivine flow law, 3) isothermal antigorite equilibrium reac-565

tion (straight, vertical reaction line) at 690 ◦C, 4) equilibrium antigorite reaction with566

positive nonlinear Clapeyron slope until 715 ◦C, where it changes to isothermal (kinked567

reaction line), 5) linear equilibrium antigorite reaction with positive Clapeyron slope (straight,568

sloped reaction line), 6) linear release of antigorite-bound H2O with depth (instead of569

abrupt release at equilibrium dehydration reaction), and 7) no fluid-induced weakening570

(pore-pressure = 0).571

Only experiments 5 and 7 listed above were inconsistent with the results presented572

in the present study. Experiment 5 resulted in transient coupling depths and disjointed573

antigorite stability in the mantle wedge, whereas experiment 7 resulted in two-sided sub-574

duction (e.g., Gerya et al., 2008). These experiments suggest that the coupling mech-575

anism in our models is mostly contingent on the availability of fluid flux into the man-576

tle wedge and the shape of the equilibrium antigorite reaction, and relatively insensitive577

to the exact flow law parameters.578

Web application for predicting coupling depth579

Instructions on how to run and use the web-based application and a complete set580

of tools for reproducing all of the results, tables, and figures presented in this study can581

be found at https://github.com/buchanankerswell/kerswell et al coupling. One582

can also use the official data repository for this study found at https://doi.org/10.17605/583

OSF.IO/ZJAC3.584

Table A1: Summary of ANOVA test

Model
Comparison

Difference (km) Lower Bound
(km)

Upper Bound
(km)

Adj pvalue

62-46 z1100 8.25 2.52 14.0 2e-03
78-46 z1100 18.0 12.3 23.7 1e-10
94-46 z1100 33.6 27.8 39.3 2e-11
78-62 z1100 9.75 4.02 15.5 2e-04
94-62 z1100 25.3 19.6 31.0 2e-11
94-78 z1100 15.6 9.84 21.3 7e-09

Tukey’s post-hoc test for comparing the means of coupling depth between groups of
models with different backarc lithospheric thickness. Low pvalues indicate means are
actually different

585
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Figure A2: Cumulative probability versus peak metamorphic pressures for metamorphic rocks exhumed from
subduction zones. The break in slope at ca. 2.5 GPa (ca. 80 km) suggests that the relative probability that a
rock will exhume from pressures less than ca. 2.5 GPa is substantially greater (steeper slope) than for higher
pressure rocks (shallower slope). Nearly all rocks exhumed from pressures greater than ca. 2.5 GPa derive from
continental crust and were exhumed during collision. Paucity of data below 0.5 GPa reflects sampling bias be-
cause these rocks are at best incipiently metamorphosed and not conducive to thermobarometry. Data are from
(Penniston-Dorland et al., 2015).
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Figure A3: Visualization of rock type (a), log viscosity (b), log shear heating (c), effective Péclet number (d),
log stress (e), density (f), and log strain rate (g) for the standard model cdf78 at 1.64 Ma. Early subduction
is facilitated by the prescribed initial weak layer (high pore fluid pressure) cutting the lithosphere. The Péclet
number in the mantle wedge is less than the Péclet number of the slab. Heat sinks from the upper mantle wedge
to lower in the mantle through thermal diffusion into the slab and advection of that heat downwards by the slab.
Antigorite stabilizes to deeper depths.
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Figure A4: Visualization of rock type (a), log viscosity (b), log shear heating (c), effective Péclet number (d),
log stress (e), density (f), and log strain rate (g) for the standard model cdf78 at 5.05 Ma. By 5 Ma balanced is
achieved between heat sinking from the upper mantle wedge to lower parts of the mantle by strong advection of
heat in the circulating part of the mantle wedge. The ratio of mantle-slab Péclet number increases abruptly at
approx. 80-90 km depth from the surface. A feedback has already developed—heat advection destabilizing antig-
orite, resulting in slab-mantle coupling, driving mantle wedge circulation, advecting heat towards the coupling
region quicker than can be sunk by the slab.
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Figure A5: Visualization of rock type (a), log viscosity (b), log shear heating (c), effective Péclet number (d),
log stress (e), density (f), and log strain rate (g) for the standard model cdf78 at 9.93 Ma. The geodynamics
and thermal structure remain approximately constant from 5 Ma (cf. Fig A4). The system remains in steady
state for as long as enough water is supplied to the upper mantle wedge to stabilize antigorite.
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