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Abstract18

The 660 km seismic discontinuity (‘660’) varies beneath subduction zones, ranging from19

modest depressions consistent with equilibrium thermodynamics to anomalously deep,20

broad transitions challenging purely thermal interpretations. Laboratory experiments21

establish that the ringwoodite decomposition responsible for the 660 proceeds via diffusion-22

controlled kinetics, yet their quantitative effects on 660 structure and slab dynamics have23

not been evaluated in compressible mantle flow simulations. We couple ringwoodite de-24

composition kinetics to simulations of mantle plumes and subducting slabs, varying ki-25

netic parameters across six orders of magnitude. Results reveal a fundamental asymme-26

try between hot and cold environments. In plumes, elevated temperatures produce up-27

lifted, narrow 660s that are relatively insensitive to kinetics due to rapid reaction rates.28

In slabs, kinetics exert strong control through three regimes: 1) a quasi-equilibrium regime29

producing 660s consistent with Clapeyron-slope predictions; 2) an intermediate regime30

where metastable ringwoodite accumulates within a broadening buoyant zone, slowing31

slab descent; and 3) a stagnation regime where slabs pond above the 660, producing the32

deepest, broadest 660s and slowest descent velocities. The endothermic Clapeyron slope33

and kinetic inhibition reinforce each other, amplifying temperature-driven 660 deflection34

by a factor of 2–4 while independently promoting slab stagnation. Slabs smoothly tran-35

sition through each regime as reaction rates slow, without abrupt reactions at overstepped36

metastable conditions. These findings establish ringwoodite kinetics as a first-order con-37

trol on slab stagnation dynamics and 660 seismic structure under Earth-like conditions,38

explaining the diverse slab behaviors observed at the base of the mantle transition zone.39

Plain Language Summary40

Earth has a boundary 660 kilometers underground where the mineral ringwood-41

ite transforms into two new minerals. Beneath sinking tectonic plates (slabs), this bound-42

ary is often deeper and thicker than expected. Scientists assumed cold plates were the43

main cause, but laboratory experiments show this transformation is also limited by how44

quickly ringwoodite reacts. We used computer simulations of rising mantle plumes and45

sinking slabs to test how reaction speed affects the 660 km boundary structure. In hot46

plumes, high temperatures allow rapid transformation, so the 660 shifts slightly upward47

and remains narrow regardless of reaction speed. In cold slabs, reaction speed strongly48

affects flow behavior. Fast reactions allow slabs to sink steadily with modest 660 deep-49
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ening. Slower reactions cause untransformed ringwoodite to build up inside the slab, slow-50

ing its descent while pushing the 660 deeper and wider. Very slow reactions cause slabs51

to stall at the 660, producing the deepest, broadest seismic signals. Our results show that52

ringwoodite transformation speed is a major control on sinking tectonic plates. It can53

amplify temperature-driven boundary shifts by 2–4 times and slow slab descent by up54

to ten times, explaining why some slabs sink into the lower mantle while others temporar-55

ily flatten.56
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Definition of Symbols57

Parameter Symbol Unit Equations

Activation energy E∗ J mol−1 12, 13

Activation enthalpy H∗ J mol−1 10

Activation volume V ∗ m3 mol−1 10

Activation factor (rheology) B - 17

Compressibility (reference) β̄ Pa−1 7

Density ρ kg m−3 1, 2, 3, 4, 7

Density (reference) ρ̄ kg m−3 6, 7

Density (dynamic) ρ̂ kg m−3 -

Deviatoric stress tensor σ′ Pa 1, 3

Deviatoric strain rate tensor ϵ̇′ s−1 3

Gas constant R J mol−1

K−1

12, 17

Gibbs width factor w J mol−1 15

Grain size d m -

Gravitational acceleration g m s−2 1, 5, 6

Growth rate ẋ m s−1 8, 9, 12

Growth rate prefactor K ′ m7 J−2 s−1 12

Kinetic prefactor (olivine ⇔

wadsleyite)

Zol K s−1 10

Kinetic prefactor (wadsleyite ⇔

ringwoodite)

Zwd K s−1 10

Kinetic prefactor (ringwoodite ⇔

bridgmanite + periclase)

Zri mol2 J−2

s−1

13

Latent heat QL J kg−1 3

Molar entropy S̄ J mol−1

K−1

11

Molar Gibbs free energy Ḡ J mol−1 11, 15

Molar volume V̄ m3 mol−1 11

Nucleation site factor N m−1 8, 9

Pressure P Pa 1, 3
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Parameter Symbol Unit Equations

Pressure (reference) P̄ Pa 6

Pressure (dynamic) P̂ Pa 7, 11

Reaction rate dX
dt ; Ẋ s−1 9, 10, 13, 14

Reaction completion timescale τ Ma -

Reaction completion length scale L km -

Specific heat capacity (reference) C̄p J kg−1 K−1 3, 5

Temperature T K 3, 12, 17

Temperature (reference) T̄ K 5, 17

Temperature (dynamic) T̂ K 7, 11, 17

Thermal conductivity (reference) k̄ W m−1 K−1 3

Thermal expansivity (reference) ᾱ K−1 3, 5, 7

Time t s 2, 3, 4, 8, 14

Transition function fj - 15, 16

Velocity (field) u⃗ m s−1 2, 3, 4, 14

Velocity (boundary) u⃗in cm yr−1 -

Velocity (maximum through 660) v⃗max cm yr−1 -

Viscosity η Pa s 17

Viscosity (reference) η̄ Pa s 17

Viscosity jump factor (lower mantle) b - 17, 18

Viscosity prefactor (phase i) ν - 18

Volume fraction (actual) X - 8, 9, 10, 13,

14

Volume fraction (equilibrium) ϕ - 16, 18
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1 Introduction58

Earth’s 660 km seismic discontinuity (hereafter the ‘660’) marks the base of the man-59

tle transition zone (MTZ), where ringwoodite decomposes into bridgmanite and periclase60

(the ‘post-spinel’ reaction). Two shallower discontinuities, near 410 and 520 km depth61

(hereafter the ‘410’ and ‘520’), mark the olivine ⇔ wadsleyite and wadsleyite ⇔ ring-62

woodite transitions that further define the MTZ. High-pressure experiments constrain63

the Clapeyron slope of the post-spinel reaction to -1 to -3 MPa/K (Ishii et al., 2019; Litasov64

et al., 2005), which deepens the phase transition beneath cold subducting slabs and has65

long been recognized as a potential barrier to whole-mantle convection (Ita & Stixrude,66

1992; Ringwood, 1991).67

Equilibrium thermodynamics explains the 660’s first-order behavior, but two ob-68

servations suggest it is incomplete. First, 660 structure itself is more variable than purely69

thermal effects predict. While global seismic studies show patterns broadly consistent70

with the thermal modulation expected from a negative Clapeyron slope (e.g., Flanagan71

& Shearer, 1998; Lebedev et al., 2002), amplitude variations point to additional com-72

positional heterogeneity (Goes et al., 2022; Waszek et al., 2021; Yu et al., 2023), and lo-73

cal 660 structures in many subduction zones show stronger than predicted deflections74

(e.g., Cottaar & Deuss, 2016; Ba et al., 2025; Tang et al., 2014). Proposed explanations75

include water in ringwoodite (Muir et al., 2021), the akimotoite ⇔ bridgmanite transi-76

tion (Chanyshev et al., 2022; Cottaar & Deuss, 2016), and grain-size-dependent viscos-77

ity reduction (Kubo et al., 2000; Mao & Zhong, 2021). Second, slab dynamics at the 66078

depend on more than the Clapeyron slope alone. Numerical geodynamic studies show79

that slab stagnation above the 660 requires a negative Clapeyron slope, a lower-mantle80

viscosity increase, and trench retreat acting jointly (Garel et al., 2014; Goes et al., 2017).81

Whether reaction kinetics can independently explain these observations has not been eval-82

uated. Few studies have moved beyond the equilibrium paradigm to test how much mi-83

croscale reaction kinetics influence macroscale flow dynamics and seismic structures.84

Laboratory experiments establish that the 410 olivine ⇔ wadsleyite reaction and85

the 660 post-spinel reaction are governed by fundamentally different physical mechanisms86

(Dobson & Mariani, 2014; Hosoya et al., 2005; Kubo et al., 2002; Lessing et al., 2022),87

which translate into different semi-empirical kinetic rate equations with distinct math-88

ematical formulations and parameter dependencies. In a companion study, Kerswell et89
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al. (2026) coupled interface-controlled olivine ⇔ wadsleyite kinetics to compressible man-90

tle flow simulations and identified three distinct kinetic regimes in cold slabs with diag-91

nostic seismic signatures at the 410. Because diffusion-controlled ringwoodite decompo-92

sition kinetics takes a different mathematical form, it is expected to produce qualitatively93

different dynamic behavior at the 660. Whether these two reaction mechanisms produce94

different flow dynamics and discontinuity structures, and whether reaction kinetics at95

the 660 matter at all for large-scale mantle flow, has not been systematically evaluated96

in geodynamic simulations of Earth’s upper mantle.97

Here, we couple experimentally calibrated ringwoodite decomposition kinetics (af-98

ter Kubo et al., 2002) to compressible mantle flow simulations using ASPECT (Heister99

et al., 2017; Kronbichler et al., 2012). Our simulations simultaneously resolve the 410,100

520, and 660 transitions, enabling the first direct comparison between reaction mecha-101

nisms in a consistent dynamic framework. We hypothesize that ringwoodite decompo-102

sition kinetics control whether slabs penetrate or stagnate at the 660, such that slower103

reaction rates sustain a buoyant metastable zone that impedes descent while faster rates104

facilitate continuous penetration. We further hypothesize that kinetic inhibition thick-105

ens and flattens slabs above the 660, producing seismically broad, deeply displaced dis-106

continuities in stagnant settings and narrow, modestly displaced signals where kinetics107

are fast. These hypotheses motivate three specific questions:108

1. Do ringwoodite decomposition kinetics control 660 structure and slab dynamics,109

and how do these effects differ from those at the 410?110

2. How do rheological strength contrasts and slab kinematics modulate kinetic ef-111

fects on 660 structure?112

3. Can seismic observations of 660 structure independently constrain ringwoodite de-113

composition kinetics?114

We vary ringwoodite decomposition kinetics across six orders of magnitude, span-115

ning the range permitted by typical grain sizes under nominally dry conditions (Karato,116

1984, 2008; Kubo et al., 2002). We also vary rheological strength contrasts, inflow ve-117

locities, and lower-mantle viscosity contrasts. The results show three kinetic regimes at118

the 660 that amplify temperature-driven 660 displacements by a factor of 2–4 and re-119

duce slab descent rates by up to an order of magnitude. Unlike the kinetic regimes at120

the 410, which include an abrupt reaction threshold at highly-overstepped metastable121
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conditions, the 660 regimes change monotonically from quasi-equilibrium to stagnation.122

We discuss how the differences between the two reaction mechanisms produce fundamen-123

tally different slab dynamics and discontinuity structures, and how jointly observing the124

410 and 660 in the same slab column offers a seismological pathway toward discriminat-125

ing kinetic from thermal and compositional contributions to MTZ structure.126

2 Methods127

2.1 Governing Equations for Compressible Mantle Flow128

We solve the same governing equations for compressible mantle flow as Kerswell129

et al. (2026), summarized here for completeness. We simulate mantle flow using the finite-130

element geodynamic code ASPECT v3.0.0 (Bangerth et al., 2018, 2024; Clevenger & Heis-131

ter, 2021; Fraters et al., 2019; Fraters, 2020; Gassmöller et al., 2018) to determine the132

velocity u⃗, pressure P , and temperature T fields that satisfy the following equations:133

∇P −∇ · σ′ = ρ g (1)

∂ρ

∂t
+∇ · (ρ u⃗) = 0 (2)

ρ C̄p

(︃
∂T

∂t
+ u⃗ · ∇T

)︃
−∇ ·

(︁
k̄∇T

)︁
= σ′ : ϵ̇′ + ᾱ T (u⃗ · ∇P ) +QL (3)

where σ′ is the deviatoric stress tensor, ϵ̇′ is the deviatoric strain rate tensor, ρ is134

density, g is gravitational acceleration, t is time, and C̄p, k̄, ᾱ are reference specific heat135

capacity, thermal conductivity, and thermal expansivity respectively. The term QL cap-136

tures latent heat from phase transitions. We adopt the projected density approximation137

(Gassmöller et al., 2020), reformulating Equation 2 as:138

1

ρ

∂ρ

∂t
+∇ · u⃗+

(︃
1

ρ
∇ρ

)︃
· u⃗ = 0 (4)

The projected density ρ(T, P,X) varies with temperature, pressure, and volume139

fractions of the relevant mineral phases, ensuring that local density changes from both140

pressure-temperature (PT) variations and phase transitions influence the flow through141
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Figure 1: Entropy (left) and density (right) changes across Earth’s MTZ under ther-

modynamic equilibrium and hydrostatic stress conditions. The black box indicates the

approximate PT range within our ASPECT simulations. The white line indicates the

isentropic adiabat used to calculate reference material properties.

buoyancy, volumetric expansion, and compression. See Gassmöller et al. (2020) for a de-142

tailed discussion of this compressible formulation.143

2.2 Numerical Setup144

2.2.1 Adiabatic Reference Conditions145

We compute adiabatic reference conditions using the same approach as Kerswell146

et al. (2026), extended to encompass the full MTZ and uppermost lower mantle (Fig-147

ure 1). We evaluate entropy changes over a PT range of 1053–2673 K and 0.001–43 GPa148

using Gibbs free energy minimization with Perple X (v7.0.9, Connolly, 2009), assuming149

a dry pyrolitic bulk composition (Green et al., 1979) in the Na2O-CaO-FeO-MgO-Al2O3-150

SiO2 (NCFMAS) chemical system with the equations of state and solution models of Stixrude151

& Lithgow-Bertelloni (2022). We determine an isentropic adiabat using the Newton-Raphson152

method and evaluate reference material properties (ρ̄, ᾱ, C̄p, β̄) along the adiabat us-153

ing BurnMan (Cottaar et al., 2014; Myhill et al., 2023) with equations of state from Stixrude154

& Lithgow-Bertelloni (2022) for pure Mg ringwoodite, bridgmanite, and periclase (Fig-155

ure S1).156
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2.2.2 Initialization and Boundary Conditions157

We conduct simulations in a 1500 × 1000 km rectangular model domain initialized158

with equilibrium mineral assemblages across the olivine, wadsleyite, ringwoodite, and159

post-spinel stability fields. An applied surface pressure of 10 GPa and surface temper-160

ature of 1706 K places the 410, 520, and 660 transitions at approximately the center of161

the model domain (Figure 2). We compute initial adiabatic PT profiles by numerically162

integrating:163

dT̄

dy
=

ᾱ T̄ g

C̄p
(5)

dP̄

dy
= ρ̄ g (6)

where the material properties ρ̄, ᾱ, and C̄p are determined from the stable equi-164

librium assemblage evaluated along the adiabatic reference conditions (Figure S1).165

We superimpose Gaussian thermal anomalies of ± 500 K on the adiabatic profile166

using linear features with 15 km half-width Gaussian cross-sections and 5 km tanh-tapered167

ends. Slab anomalies extend 105 km horizontally and 175 km downward from the top168

boundary, while plume anomalies extend 280 km upward from the bottom boundary. We169

prescribe constant inflow velocities u⃗in of 5 or 10 cm yr−1 parallel to the thermal anoma-170

lies. Boundary conditions on lateral walls apply zero horizontal velocity with a lithostatic171

normal traction, and the (open) top and bottom boundaries apply constant normal trac-172

tion equal to the initial lithostatic pressure.173

2.2.3 Material Model174

2.2.3.1 Material Properties We compute material properties with BurnMan with175

equations of state from Stixrude & Lithgow-Bertelloni (2022) for pure Mg ringwoodite,176

bridgmanite, and periclase (see Section 2.2.1), and all properties except density are held177

at their adiabatic reference values (Figure S1). We correct density using a first-order Tay-178

lor expansion:179

ρ ≈ ρ̄
(︂
1 + β̄ P̂ − ᾱ T̂

)︂
(7)
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Figure 2: Initial setup for slab (top) and plume (bottom) simulations follows Kerswell

et al. (2026), but with an extended 1500 × 1000 km model domain and additional phase

transitions (410, 520, and 660; gray bands). Slabs extend 105 km horizontally and 175 km

downward from the top boundary, while plumes extend 280 km upward from the bottom

boundary. All other boundary conditions are consistent with Kerswell et al. (2026).
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where P̂ = P − P̄ and T̂ = T − T̄ are the dynamic pressure and temperature.180

The volume fraction fields Xwd, Xri, and Xps account for phase-transition density jumps181

and evolve according to the kinetic models described in Section 2.2.3.2. We hold ther-182

mal conductivity k̄ = 4.0 W m−1K−1 constant in all numerical experiments.183

2.2.3.2 Reaction Kinetics We treat reaction rates for all three MTZ phase tran-184

sitions using the site-saturated nucleation framework of Cahn (1956):185

X = 1− exp(−N ẋ t) (8)

Ẋ = N ẋ (1−X) (9)

where X is the volume fraction of the product phase, Ẋ is the volume transforma-186

tion rate, N = 6.67 / d m−1 is a geometric factor accounting for grain-boundary nucle-187

ation sites with grain size d, ẋ is the phase-specific growth rate, and t is elapsed time af-188

ter site saturation.189

We formulate the 410 and 520 transitions using the interface-controlled growth model190

of Hosoya et al. (2005), with macroscopic reaction rates governed by:191

Ẋ = Zol T exp

(︃
−H∗ + PV ∗

RT

)︃(︃
1− exp

[︃
−∆G

RT

]︃)︃
(1−X) (10)

where H∗ = 274 kJ mol−1, V ∗ = 3.0 × 10−6 m3 mol−1, and we hold the kinetic192

prefactors fixed at Zol = Zwd = 1.4 × 104 K s−1. These coefficients correspond to rel-193

atively fast, quasi-equilibrium 410 and 520 reaction rates (Kerswell et al., 2026), and we194

choose them deliberately to avoid interfering with the kinetic signal investigated at the195

660.196

The molar Gibbs free energy difference for each phase transformation is approx-197

imated by:198

∆G ≈ ∆Ḡ+ P̂ ∆V̄ − T̂ ∆S̄ (11)

where we compute the thermodynamic quantities ∆Ḡ, ∆V̄ , and ∆S̄ for each ma-199

jor reaction along the adiabatic reference profile (Figure S2).200
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The 660 post-spinel reaction requires a fundamentally different kinetic formulation.201

Because one phase breaks down to two phases of different compositions, diffusion must202

play a role regardless of whether interface control has an effect. Microstructural obser-203

vations show that the forward ringwoodite ⇒ bridgmanite + periclase transformation204

proceeds via diffusion-controlled lamellar decomposition. Bridgmanite and periclase lamel-205

lae nucleate rapidly at grain boundaries and grow at rates limited by silicon self-diffusion206

through the parent ringwoodite (Kubo et al., 2002; Zener, 1946). Following the diffusion-207

controlled Zener-Hillert decomposition model (Burke, 1965; Zener, 1946), the growth rate208

for the post-spinel assemblage is:209

ẋ = K ′ exp

(︃
− E∗

RT

)︃
∆G2

V̄ 2
ps

(12)

where K ′ is the growth rate prefactor, E∗ is the activation energy for Si self-diffusion,210

V̄ 2
ps = (Vbg+Vpe)

2 is the squared molar volume of the post-spinel assemblage. We refac-211

tor ∆G2 = ∆G · |∆G| as the thermodynamic driving force term, which allows for re-212

versible reactions when ∆G < 0.213

Combining N , K ′, and V̄ 2
ps into a single kinetic prefactor Zri = 6.67K ′ / d V̄ 2

ps, the214

macroscopic reaction rate for ringwoodite ⇔ bridgmanite + periclase becomes:215

Ẋ = Zri exp

(︃
− E∗

RT

)︃
∆G · |∆G| (1−X) (13)

Equation 13 introduces a fundamental shift from the interface-controlled reaction216

mechanism at the 410 and 520 (Equation 10) to a diffusion-controlled reaction mecha-217

nism at the 660. Mathematically, the driving force at the 660 is quadratic (∆G2), whereas218

the 410 and 520 follow a linear approximation near equilibrium (∆G/RT ) = 0 before219

saturating at high overstepping. Physically, this quadratic dependence more aggressively220

suppresses reaction rates near equilibrium for the 660 transition. Conversely, the lack221

of exponential saturation means the 660 reaction rate remains sensitive to the magni-222

tude of overstepping even far from equilibrium, unlike the 410 and 520 where the driv-223

ing force term trends towards unity. These divergent behaviors underpin the distinct struc-224

tural and dynamic signatures discussed in Sections 3 and 4.225

The range of Zri explored in our experiments [1.6 × 10−3, 1.6 × 103] mol2 J−2 s−1
226

is calibrated against the high-overpressure experimental dataset of Kubo et al. (2002)227
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using Monte Carlo regression with a post-spinel molar volume of V̄ps = 3.381 × 10−5 m3
228

mol−1 (Figure S3). Our regression yields E∗ = 310 ± 233 kJ mol−1 and ln(K ′) = -29.8229

± 22.1, both consistent with Kubo et al. (2002) within uncertainty. We therefore adopt230

E∗ = 355 kJ mol−1 (after Kubo et al., 2002), ln(K ′) in the range [-33.5, -22.0], and d231

in the range [1 × 10−3, 10 × 10−3] m (Karato, 1984, 2008), such that Zri spans condi-232

tions from slow kinetics in coarse-grained rocks to fast kinetics in fine-grained rocks.233

2.2.3.3 Operator Splitting Since reaction rates for the 410, 520, and 660 tran-234

sitions can exceed advective timescales, we employ the first-order operator splitting scheme235

to decouple reaction from advection. Volume fractions are updated in two sequential steps236

per advection timestep ∆t: 1) a reaction substep integrating Equations 10 and 13 over237

the full ∆t using the ARKODE adaptive Runge-Kutta integrator (Hindmarsh et al., 2005;238

Reynolds et al., 2023) with relative tolerance 1 × 10−6; and 2) an advection step:239

∂X

∂t
+ u⃗ · ∇X = 0 (14)

The three kinetically active transitions require simultaneous integration during the240

reaction step, with the ARKODE substep size selected adaptively to satisfy the toler-241

ance across all three reaction systems.242

2.2.4 Rheological Model243

While the volume fractions Xol, Xwd, Xri, and Xps track the actual mineralogy for244

the purpose of density and buoyancy (including metastable phases), we also define equi-245

librium fractions ϕol, ϕwd, ϕri, and ϕps. These fractions represent the thermodynamic246

state along the reference adiabat and facilitate smooth transitions in background viscos-247

ity. We define a transition function fj for each reaction j:248

fj =
1

2

[︃
1− tanh

(︃
∆Gj

w

)︃]︃
(15)

where w = 1000 J mol−1 is a “Gibbs width” that smooths the equilibrium frac-249

tions ϕ over a few kilometers, avoiding discontinuous jumps in background viscosity at250

sharp equilibrium phase boundaries. To ensure mass conservation
∑︁

ϕi = 1, we par-251

tition the stability fractions as follows:252
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ϕol = 1− fwd

ϕwd = fwd (1− fri)

ϕri = fwd fri (1− fps)

ϕps = fwd fri fps

(16)

The rheological model incorporates phase-dependent viscosity transitions as a func-253

tion of the equilibrium fractions ϕ computed in Equation 16. We use a temperature-dependent254

Arrhenius viscosity modified by a phase-dependent viscosity jump prefactor b:255

η = b η̄ exp

(︄
−B

T̂

T̄

)︄
(17)

where η̄ = 1021 Pa s is the background viscosity, T̄ is the reference adiabatic tem-256

perature, and T̂ = T − T̄ is the nonadiabatic temperature anomaly. We vary the ac-257

tivation factor B between 5 and 10 to control thermal sensitivity.258

We calculate the viscosity jump prefactor b via a log-linear average of per-phase259

viscosity prefactors (νol, νwd, νri, νps), weighted by the equilibrium fractions ϕ defined in260

Equation 16:261

ln(b) =
∑︂
i

ϕi ln(νi) (18)

We adopt this log-linear (geometric) average because it is commonly used for vis-262

cosity contrasts across mineral phase mixtures and avoids the sensitivity to the single263

weakest phase that a harmonic (Reuss) average would introduce (Ji, 2004). By anchor-264

ing viscosity jumps to the equilibrium fractions ϕ rather than the actual (metastable)265

mineralogy X, the viscosity structure remains a function of the adiabatic reference con-266

dition. This decoupling prevents spurious viscosity patches arising from metastable phases267

within cold slabs, allowing us to isolate the kinetic contribution to slab impedance via268

buoyancy from rheological effects. To maintain numerical stability, we impose a global269

viscosity floor and ceiling of 1019 and 1024 Pa s, respectively.270
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2.2.5 Numerical Stabilization of Dynamic Pressure Oscillations271

Following Gassmöller et al. (2020) and Kerswell et al. (2026), we exclude the dy-272

namic pressure P̂ contribution to ∆G in the kinetic rate equations (Equations 10 and273

13) while retaining it in the density formulation (Equation 7). In practice, this means274

applying ∆G ≈ ∆Ḡ−T̂ ∆S̄ to the kinetic rate equations, which preserves the primary275

thermal control of the reactions while eliminating pressure-wave feedback. The quadratic276

∆G · |∆G| driving force amplifies pressure-wave sensitivity relative to the exponential277

form used at the 410 and 520, making this stabilization particularly important for the278

660. Limitations of this approximation are discussed in Section 4.1.279

2.2.6 Numerical Experiment Design and Postprocessing280

We explore the ringwoodite decomposition kinetic parameter space across eight sce-281

narios spanning two inflow velocities, two rheological strength contrasts, and two lower-282

mantle viscosity jumps (Table 1), running matched slab and plume simulations across283

the full tested range of Zri within every scenario.284

We characterize 660 structure using two diagnostic measures extracted along a rep-285

resentative depth profile through each simulation. ‘Displacement’ is the difference be-286

tween the depth at which the post-spinel volume fraction Xps reaches 0.9 and the nom-287

inal equilibrium post-spinel depth. ‘Width’ is the depth interval between Xps = 0.9 and288

Xps = 0.1. We also report the maximum post-spinel reaction rate Ẋmax and the max-289

imum descent (or ascent) velocity v⃗max along the same profile, extracted within the phase290

transition zone (defined by the measured 660 width). These later two quantities allow291

us to define a characteristic reaction completion length scale (in km):292

L = 10
v⃗max

Ẋmax

(19)

which approximates the depth traversed during one characteristic reaction timescale293

τ = 1/Ẋmax (Ma). L and the measured 660 width are related but not identical. L is294

a local estimate based on the maximum reaction rate and maximum vertical velocity through295

the 660, whereas width measures the full spatial extent of the transition between Xps296

= 0.1 and 0.9. The two metrics diverge where reaction rate varies strongly within the297

phase transition zone.298
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In slab simulations, L and v⃗max are subsequently used to heuristically classify each299

model into three regimes using fixed threshold values. The quasi-equilibrium regime cor-300

responds to L ≤ 5 km and v⃗max > 0.5 cm yr−1; the intermediate regime corresponds to301

L > 5 km and v⃗max > 0.5 cm yr−1; and the stagnation regime correspond to v⃗max ≤ 0.5302

cm yr−1.303

Table 1: Rheological and kinematic parameters for the eight tested scenarios. Units are

u⃗in: cm yr−1, B: dimensionless, b: dimensionless.

Scenario u⃗in B b

0 5 5 50

1 5 10 50

2 10 5 50

3 10 10 50

4 5 5 1

5 5 10 1

6 10 5 1

7 10 10 1

3 Results304

3.1 Simulation Snapshots: Slabs and Plumes305

Figures 3 and 4 show slab and plume simulations for scenario 4 (Table 1) after 100306

Ma and 50 Ma, respectively. This reference scenario illustrates the range of 660 struc-307

tures produced across three kinetic conditions characterizing slow to fast reaction rates.308

Ringwoodite decomposition kinetics strongly control slab dynamics while affecting plume309

structure more modestly, consistent with the asymmetric pattern documented at the 410310

by Kerswell et al. (2026).311

In slab simulations, three regimes emerge with decreasing Zri. In the quasi-equilibrium312

regime (Figure 3: bottom row; Zri = 1.6 × 103 mol2 J−2 s−1), the slab descends through313

the 660 at 1.6 cm yr−1 and the 660 is narrow (6 km) and modestly displaced (25 km),314

consistent with Clapeyron-slope predictions for the imposed thermal anomaly. In the in-315

termediate regime (Figure 3: middle row; Zri = 6.0 × 10−1 mol2 J−2 s−1), metastable316
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ringwoodite accumulates and reduces descent through the 660 to 1.1 cm yr−1, deepen-317

ing the 660 by 40 km and widening it to 12 km. In the stagnation regime (Figure 3: top318

row; Zri = 1.6 × 10−3 mol2 J−2 s−1), persistent metastable buoyancy arrests descent (v⃗max319

= 0.25 cm yr−1) and the slab ponds above the 660, displacing it by 48 km and broad-320

ening it to 11 km.321

In plume simulations, the 660 remains uplifted and relatively sharp across all tested322

kinetic conditions. Under the slowest reaction rates (Figure 4: top row; Zri = 1.6 × 10−3
323

mol2 J−2 s−1), the plume ascends through the 660 at 3 cm yr−1 with the 660 displaced324

by 14 km upward and widening to 9 km. Under intermediate and fast kinetic conditions325

(Figure 4: middle and bottom rows; Zri = 6.0 × 10−1 and 1.6 × 103 mol2 J−2 s−1), the326

660 narrows to 7 km and is uplifted 10 km, with ascent velocities through the 660 of 4327

cm yr−1. Elevated plume temperatures maintain Ẋmax above 3 Ma−1 even at the slow-328

est tested Zri, suppressing extended metastable zones like those formed in cold slabs. This329

kinetic insensitivity of plume dynamics and 660 structures holds qualitatively across the330

full tested parameter space and contrasts sharply with the strong kinetic control on slab331

behavior.332

3.2 Structure of the 660: Displacement and Width333

Figure 5 summarizes 660 displacement and width as a function of maximum reac-334

tion rate Ẋmax across the full suite of plume and slab simulations, and Figure 6 maps335

all results across the full kinetic-rheological-kinematic parameter space (Table S1). To-336

gether, the figures reveal three kinetic regimes in slabs, near-invariant 660 structure in337

plumes, plus independent and coupled kinetic-kinematic-rheological effects on 660 struc-338

ture and slab descent.339

Plume 660 structure remains largely independent of kinetics across the full tested340

range of kinetic prefactors Zri (Figure 5). Upward displacements vary only from 10–22341

km and widths from 5–10 km across six orders of magnitude variation in Zri, and ascent342

velocities through the 660 remain within 2–8 cm yr−1 regardless of kinetics. These are343

relatively narrow ranges compared to the order-of-magnitude changes seen in slabs. Even344

at the slowest tested conditions (Zri = 1.6 × 10−3 mol2 J−2 s−1), maximum reaction rates345

in plumes reach 3–7 Ma−1 (τ ≲ 0.3 Ma; L ≲ 10 km), maintaining a narrow (7–10 km)346

and consistently uplifted (14–22 km) 660. Plume 660 widths are systematically broader347
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Figure 3: Reference slab simulations with moderate inflow velocity, intermediate slab

strength, and no lower-mantle viscosity jump (scenario 4; Table 1). Rows show stagnation

(top row: Zri = 1.6 × 10−3 mol2 J−2 s−1), intermediate (middle row: Zri = 6.0 × 10−1

mol2 J−2 s−1), and quasi-equilibrium (bottom row: Zri = 1.6 × 103 mol2 J−2 s−1) kinetic

regimes after 100 Ma. Columns show dynamic temperature T̂ (left column), dynamic

density ρ̂ (middle column), and vertical velocity u⃗y (right column). Thick black lines (left

column) highlight the 10% and 90% wadsleyite and post-spinel volume fraction contours

used to define 660 displacement and width. The background grid pattern indicates AS-

PECT’s adaptive mesh refinement near high thermal gradients and phase transitions.

White trace (left column) indicates the representative depth profile used to extract data,

and the white arrows indicate where the 660 structure is evaluated.
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Figure 4: Reference plume simulations with moderate inflow velocity, intermediate plume

strength, and no lower-mantle viscosity jump (scenario 4; Table 1). Rows show ultra-

sluggish (top row: Zri = 1.6 × 10−3 mol2 J−2 s−1), intermediate (middle row: Zri = 6.0

× 10−1 mol2 J−2 s−1), and fast (bottom row: Zri = 1.6 × 103 mol2 J−2 s−1) kinetic con-

ditions after 50 Ma. All other annotations follow Figure 3. The 660 is uplifted across all

kinetic conditions, consistent with the negative Clapeyron slope, but 660 width increases

and plume ascent slows measurably under the slowest kinetic conditions (top row).
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than plume 410 widths at equivalent kinetic conditions, but only marginally (cf. circle348

and triangle datapoints in Figure 5).349

Slab 660 structure changes substantially across three kinetic regimes (Figure 6).350

Regime boundaries follow two heuristic thresholds: 1) L ≲ 5 km separates quasi-equilibrium351

from intermediate regimes, and 2) v⃗max ≲ 0.5 cm yr−1 separates intermediate from stag-352

nation regimes (see Section 2.2.6). In the quasi-equilibrium regime (region 1 in Figure 6),353

τ remains below 2 Ma and slabs descend through the 660 at 0.5–3.2 cm yr−1, with the354

660 displaced 22–36 km downward and 4–12 km wide. In the intermediate regime (re-355

gion 2 in Figure 6), τ spans 0.5–13.1 Ma and descent velocities through the 660 of 0.4–2.4356

cm yr−1 produce continuous but progressively slower slab penetration, with the 660 deep-357

ening by 40–80 km and widening to 9–34 km. In the stagnation regime (region 3 in Fig-358

ure 6), descent velocities through the 660 of 0.1–0.5 cm yr−1 and τ up to 26 Ma leave359

the 660 displaced 27–80 km downward with widths of 6–34 km. In contrast to the abrupt360

re-sharpening threshold at the 410 (Kerswell et al., 2026), 660 displacement and width361

increase monotonically with decreasing Zri across all three regimes, with no re-sharpening362

at any tested kinetic prefactor (Figure 5). The direction of 660 displacement also dif-363

fers from the 410. At the 410, displacement changes sign from uplifted under quasi-equilibrium364

conditions to depressed in the ultra-sluggish regime (Kerswell et al., 2026), whereas at365

the 660, slower kinetics amplify downward displacement monotonically across all three366

regimes (cf. circle and triangle datapoints in Figure 5).367

Figure 6 further isolates four trends in slab simulations across the eight tested sce-368

narios (Table 1). The first is an independent effect, while the latter three reflect coupled369

interactions between two or more parameters.370

The kinetic prefactor Zri controls maximum reaction rate independently of rheol-371

ogy or kinematics. Maximum reaction rate decreases monotonically and proportionally372

with Zri across all eight scenarios, spanning approximately 0.04–135 Ma−1 (Figure 6),373

consistent with the direct Zri scaling in Equation 13.374

The lower-mantle viscosity jump (b = 50, compared to no jump at b = 1) exerts375

a first-order control on slab descent velocity through the 660 (see Figures S4–S7), shift-376

ing the stagnation regime boundary toward higher Zri. Comparing scenarios with b =377

50 (scenarios 0–3) to b = 1 (scenarios 4–7) at equivalent B and u⃗in, the stagnation regime378

boundary shifts by up to four orders of magnitude in Zri for the weakest and slowest slab379
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Figure 5: Measured 660 width (top) and displacement (bottom) versus maximum reac-

tion rates in plume (left) and slab (right) simulations after 50 Ma and 100 Ma, respec-

tively. Triangles show the 660 results from this study (Table S1) while circles show the

410 results from Kerswell et al. (2026) for comparison. The 660 structure near plumes

shows consistent upward displacements and moderate widths with minimal dependence

on Ẋmax across six orders of magnitude variation. Unlike the 410, the 660 structure near

slabs (right column) changes monotonically with decreasing Ẋmax and no re-sharpening

occurs at ultra-sluggish kinetic conditions. The modest scatter of the 660 results (tri-

angles) at fixed Ẋmax reflects the additional, systematically varying influence of inflow

velocity (u⃗in), rheological contrast (B), and lower-mantle viscosity jump (b). These effects

are explored more completely in Figure 6.
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configurations (cf. scenarios 0 and 4 in Figure 6). This effect is most pronounced for weaker380

slabs (B = 5). For instance, scenario 0 (u⃗in = 5 cm yr−1, B = 5, b = 50) falls at or be-381

low the 0.5 cm yr−1 stagnation threshold for all tested Zri, effectively stagnating across382

the entire kinetic range. For stronger slabs (B = 10; scenarios 1 and 3), the effect of a383

lower-mantle viscosity jump on the stagnation regime boundary is substantially reduced.384

Thus, while the presence of a viscosity jump consistently promotes stagnation, its ab-385

solute impact is modulated by an interaction between mantle and slab strength contrasts386

(b versus B).387

Inflow velocity and kinetics also interact to influence descent velocity through the388

660 and 660 structure. Higher inflow velocity (u⃗in = 10 cm yr−1) shifts the stagnation389

regime boundary toward lower Zri relative to u⃗in = 5 cm yr−1 at equivalent B and b. This390

happens most clearly for stronger slabs (cf. scenarios 1 and 3; 5 and 7 in Figure 6), where391

the shift reaches 1–2 orders of magnitude. At the same time, faster inflow produces larger392

displacements and widths across all regimes; u⃗in = 10 cm yr−1 scenarios (2, 3, 6, 7) reach393

22–80 km displacement and 4–34 km width, compared to 22–59 km and 4–21 km for u⃗in394

= 5 cm yr−1 scenarios (0, 1, 4, 5). Both the stagnation regime boundary shift and the395

increase in 660 displacement and width reflect that faster descent advects more metastable396

ringwoodite to greater depths before ponding.397

In parallel with the coupled interactions above, slab strength and descent veloc-398

ity through the 660 operate in tandem to further modulate 660 structure. Weaker slabs399

(B = 5; scenarios 0, 2, 4, 6) decelerate more readily than stronger slabs (B = 10; sce-400

narios 1, 3, 5, 7), stagnating at up to two orders of magnitude higher Zri and shifting401

both regime boundaries toward faster kinetic conditions (Figure 6). In the intermedi-402

ate regime, stronger slabs produce substantially larger 660 displacements (40–80 km; mean403

57 km) than weaker slabs (40–56 km; mean 47 km) at equivalent Zri. The fastest and404

strongest slabs (scenarios 3 and 7) resist stagnation, even under ultra-sluggish kinetic405

conditions (Zri ≲ 1.2 × 10−2 mol2 J−2 s−1), producing the largest displacements (78–80406

km) and widths (26–34 km) in our simulations. At the same Zri, weaker counterparts407

(scenarios 2 and 6) are already stagnant, with notably smaller displacements (68–75 km).408

Taken together, weaker slabs are more prone to stagnation but produce smaller maxi-409

mum displacements, while stronger slabs resist stagnation longer and ultimately gener-410

ate the widest and most deeply displaced 660s when their descent through the 660 slows—a411

trend that reflects coupled kinetic, kinematic, and rheological controls on 660 structure.412
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Figure 6: Variation in 660 structure and slab descent rate through the 660 across kinetic

(Zri), kinematic (u⃗in), and rheological (B, b) parameter space. Panels show maximum

reaction rate (top left), maximum vertical velocity through the 660 (top right), 660 width

(bottom left), and 660 displacement (bottom right) as functions of the kinetic prefactor

Zri (horizontal axis, log scale) and remaining parameter space reduced to eight scenarios

[u⃗in, B, b]: 0) [5, 5, 50]; 1) [5, 10, 50]; 2) [10, 5, 50]; 3) [10, 10, 50]; 4) [5, 5, 1]; 5) [5, 10,

1]; 6) [10, 5, 1]; 7) [10, 10, 1] (Table 1). Units are u⃗in: cm yr−1, B: dimensionless, b: di-

mensionless. Each tile represents the measured value after 100 Ma (Table S1). Black and

white lines delineate transitions between regime behaviors, and their positions shift with

B, b, and u⃗in. Regime labels correspond to: (1) quasi-equilibrium, (2) intermediate, and

(3) stagnation.
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4 Discussion413

4.1 Uncertainties and Model Limitations414

The primary quantitative uncertainty for the post-spinel reaction stems from the415

activation energy E∗ for Si self-diffusion and the kinetic prefactor Zri, which bundles the416

growth rate prefactor K ′ and grain size d. Monte Carlo regression of the Kubo et al. (2002)417

experimental dataset yields a mean activation energy of 310 ± 233 kJ mol−1 and a mean418

ln(K ′) of -29.8 ± 22.1 (Figure S3). These uncertainties span several orders of magnitude,419

reflecting incomplete knowledge of Si self-diffusion in ringwoodite at natural PT condi-420

tions, dependence on grain size and deformation history, and poorly characterized wa-421

ter content effects on post-spinel diffusion rates. Our simulations therefore bracket plau-422

sible kinetic conditions rather than targeting specific natural scenarios, and all three ki-423

netic regimes identified for slabs fall within this uncertainty envelope.424

Another key driver of uncertainty is that the kinetic experiments of Kubo et al. (2002)425

were performed at highly-overstepped metastable conditions (> 1 GPa), requiring sig-426

nificant extrapolation to near-equilibrium conditions in our simulations. The quadratic427

dependence of ringwoodite decomposition on excess Gibbs energy (Equation 13) results428

in vanishingly small reaction rates at small pressure oversteps in our simulations. How-429

ever, it is possible that an alternative, faster transformation mechanism occurs in nat-430

ural systems at near-equilibrium conditions. This requires further kinetic experiments431

at small pressure oversteps to determine.432

A related simplification concerns the reaction’s directionality. Our bidirectional im-433

plementation of the reverse reaction (ringwoodite regrowth from bridgmanite + periclase)434

treats the forward and reverse transformations symmetrically, which represents a sim-435

plification. Experiments document that the reverse reaction proceeds substantially more436

slowly than the forward decomposition, particularly below 2000 K (Lessing et al., 2022),437

introducing a kinetic asymmetry not captured by our symmetric ∆G · |∆G| formula-438

tion in Equation 13. Our simplification likely overestimates reverse reaction rates in as-439

cending plumes and underestimates metastable bridgmanite + periclase persistence in440

upwelling material. The slight broadening of plume 660 widths at the slowest kinetics441

in our simulations (up to 10 km) may partly reflect this effect, but a rigorous treatment442

requires a separate kinetic rate equation for the reverse reaction.443
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This kinetic framework is itself coupled to thermodynamics in ways we only par-444

tially resolve. While our material model implicitly includes latent heating near equilib-445

rium, the latent-heating effect at overstepped metastable conditions merits particular446

caution for the post-spinel reaction. Because the ringwoodite ⇔ bridgmanite + periclase447

Clapeyron slope is negative, the (endothermic) latent-heat effect close to equilibrium re-448

inforces kinetic inhibition. At highly-overstepped metastable conditions, however, the449

free energy from mechanical work P∆V (rather than T∆S) becomes operative and this450

reinforcement is lost. This contrasts with the 410, where both the (exothermic) latent-451

heat effect and P∆V contributions promote faster kinetics. Fully resolving this feedback452

would likely strengthen the regime contrasts we report here and merits dedicated inves-453

tigation. We also define Gibbs free energy based on the reference pressure (Equation 11),454

neglecting deviatoric stresses at individual grain interfaces that directly influence reac-455

tion pathways and chemical potentials (Wheeler, 2015a, 2020). While the reference pres-456

sure can provide a reasonable approximation under certain conditions (Wheeler, 2015b),457

an improved approach would be to use the dynamic pressure, i.e. the mean normal stress458

actually experienced by the rock. A rigorous treatment will require consideration of more459

localized stress-dependent chemical potentials (work in progress).460

Beyond these kinetic and thermodynamic uncertainties, our compositional choices461

introduce additional simplifications. Our pure Mg end-member composition neglects Fe-462

Mg solid solutions, akimotoite, garnet, and other transition-zone phases present in nat-463

ural systems (Ita & Stixrude, 1992; Papanagnou et al., 2023; Xu et al., 2008). Iron is un-464

likely to alter our conclusions substantially because Si self-diffusion limits ringwoodite465

decomposition. Iron content should therefore have only a minor effect on reaction kinet-466

ics, and the narrow (< 1 kbar) Fe-Mg post-spinel phase loop (Ishii et al., 2019) means467

metastable Fe-bearing ringwoodite likely transforms directly to the stable bridgmanite468

+ periclase assemblage, keeping the transition effectively univariant as in our pure Mg469

model (Ming et al., 2006). In the coldest slab interiors, the akimotoite ⇔ bridgmanite470

transition may dominate over the post-spinel transition (Chanyshev et al., 2022; Cot-471

taar & Deuss, 2016), producing additional deepening beyond our kinetic model. This re-472

action is nevertheless expected to be comparatively rapid because the ilmenite and per-473

ovskite structures are crystallographically closely related (Navrotsky, 1998), permitting474

a diffusionless or martensite-like reaction mechanism.475
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A final set of simplifications concerns the large-scale viscosity structure and dimen-476

sionality of our simulations. Our simulations test lower-mantle viscosity jumps of b =477

1 and b = 50 to partially characterize how viscosity structure interacts with kinetic in-478

hibition (Section 3.2; see Figures S4–S7). This approach does not span the full plausi-479

ble range of lower-mantle viscosity contrasts (estimated at roughly 10–100×, Karato, 2008;480

Goes et al., 2017), and quantitative predictions remain model-dependent. More broadly,481

natural subduction involves the simultaneous action of viscosity structure, the Clapey-482

ron slope, plate forcing, and kinetics (Garel et al., 2014; Goes et al., 2017), and isolat-483

ing each contribution requires independent observational constraints. Grain-size distri-484

bution at the post-spinel reaction front (Kubo et al., 2000; Mao & Zhong, 2021) could485

also generate viscosity contrasts that augments stagnation beyond what our rheologi-486

cal model captures. Our simple temperature-dependent rheological model omits grain-487

size evolution that affect both flow dynamics and reaction kinetics (Hirth & Kohlstedf,488

2003; Karato, 1984; Yamazaki et al., 2005). Finally, our 2D simulations neglect 3D slab489

geometry, trench migration, slab rollback, and lateral flow diversion. In 3D, a slab that490

retains its dip and is carried laterally away from the 660 by rollback could sustain faster491

descent than the vertically ponding slabs in our 2D domain, since less metastable ma-492

terial would accumulate locally beneath any one point on the slab. These 3D effects, along-493

side slab morphology and residence time more broadly, warrant further investigation (Garel494

et al., 2014; Sime et al., 2024). Despite these limitations, our results capture the first-495

order kinetic effects governing 660 structure and slab dynamics across three distinct regimes.496

4.2 Contrasting Reaction Mechanisms at the 410 and 660497

The three kinetic regimes identified for the 660 differ qualitatively from those at498

the 410, reflecting the different reaction mechanisms that govern each transition (Equa-499

tions 8 to 13). At the 410, the interface-controlled driving-force term (1−exp[−∆G/RT ])500

saturates toward unity once |∆G| ≫ RT (Equation 10). Beyond this saturation point,501

only the Arrhenius term exp[−(H∗+PV ∗)/RT ] controls reaction progress. In a cold,502

stagnated slab, this factor remains negligible until temperatures rise enough to activate503

transformation, at which point the reaction completes abruptly over a narrow depth in-504

terval, re-sharpening the 410. This threshold produced the three regimes (quasi-equilibrium,505

intermediate, and ultra-sluggish with re-sharpening) with distinct 410 seismic signatures506

(Kerswell et al., 2026).507
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At the 660, the diffusion-controlled driving-force term ∆G·|∆G| grows quadrat-508

ically without bound as ringwoodite is carried below its stability field. Larger overstep-509

ping always drives larger (silicon) chemical potential gradients across the decomposition510

lamellae and thus faster transformation (Kubo et al., 2002; Zener, 1946). No saturation511

ceiling exists, so the driving force never yields to the Arrhenius term alone. As a result,512

Ẋmax increases progressively with depth and the 660 widens and deepens continuously513

across all three regimes without triggering an abrupt transformation. The distinction514

between the intermediate and stagnation regimes at the 660 is therefore a matter of de-515

gree, marked by progressively longer τ , larger L, slower descent, and broader, more deeply516

displaced discontinuities, rather than the abrupt threshold that separates the ultra-sluggish517

regime at the 410 (Figure 5).518

This difference in reaction mechanism also determines long-term slab behavior. Metastable519

olivine accumulated in the ultra-sluggish 410 regime eventually transforms in a rapid pulse520

that can disrupt transient stalling or ponding (Kerswell et al., 2026). Metastable ring-521

woodite in the 660 stagnation regime is consumed gradually (τ up to 26 Ma), sustain-522

ing persistent buoyancy that resists penetration over much longer timescales. Kinetically523

stagnated slabs at the 660 are therefore more stable than those at the 410, consistent524

with the long-lived sub-horizontal ponding observed in the western Pacific (Fukao & Obayashi,525

2013; Tauzin et al., 2017).526

Near equilibrium, the two reaction mechanisms also differ. The quadratic driving527

force at the 660 strongly suppresses reaction rates near the phase boundary because ∆G·528

|∆G| approaches zero as ∆G2. The linear driving force term governing the 410 (1−exp[−∆G/RT ]) ≈529

∆G/RT suppresses reaction rates less strongly when ∆G approaches zero. This inher-530

ent near-equilibrium suppression broadens the 660 transition zone slightly relative to the531

410, even under quasi-equilibrium conditions (cf. circle and triangle datapoints in Fig-532

ure 5).533

4.3 Kinetic Amplification of Temperature-Driven 660 Displacement534

Within the pure Mg, garnet-free system we model, equilibrium thermodynamics535

predicts downward 660 displacement from two principal sources: 1) the negative Clapey-536

ron slope shifting the post-spinel reaction to higher pressure beneath cold slabs, and 2)537

the akimotoite ⇔ bridgmanite transition generating additional depression of 30–90 km538
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in the coldest slab interiors (Chanyshev et al., 2022; Cottaar & Deuss, 2016). Our quasi-539

equilibrium slab simulations recover this thermal signal (Figures 5 and 6), showing 22–36540

km displacements consistent with Clapeyron-slope predictions for a -500 K anomaly (Bina541

& Helffrich, 1994; Flanagan & Shearer, 1998). Kinetics then amplify this baseline pro-542

gressively (Figure 7), as the deepest stagnation regime displacements (up to 80 km) reach543

roughly 2 to 4 times the shallowest quasi-equilibrium displacement (22 km), depending544

on rheological and kinematic conditions (Table S1). Beyond these thermal and kinetic545

effects, two compositional factors outside our model could further modify the 660: 1) wa-546

ter in ringwoodite broadens the post-spinel reaction and raises its pressure (Ghosh et547

al., 2013; Muir et al., 2021), promoting additional deepening in cold slabs in contrast to548

water’s shallowing effect at the 410 (Smyth, 1987; Smyth & Frost, 2002; van der Mei-549

jde et al., 2003), while 2) basalt accumulation modifies reflectivity without systemati-550

cally affecting depth (Goes et al., 2022; Yu et al., 2023).551

The directional contrast between kinetic effects at the 410 and 660 in cold slabs552

is fundamental. At the 410, the positive Clapeyron slope produces upward displacement553

under quasi-equilibrium conditions. Decreasing reaction rates first broaden and deepen554

the discontinuity, then ultimately re-sharpen it at a depressed position, reversing its dis-555

placement sign relative to the equilibrium prediction (cf. circle and triangle datapoints556

in Figure 5). At the 660, both the equilibrium prediction and all three kinetic regimes557

produce downward displacement (Figure 7). Kinetics amplify rather than reverse the equi-558

librium signal, and the transition from one regime to the next is monotonic. The 660 there-559

fore lacks the seismically diagnostic sign-reversal that marks the onset of ultra-sluggish560

conditions at the 410.561

Jointly observing both discontinuities in the same slab column exploits these dif-562

ferent behaviors. A sharp, deeply displaced 410 paired with a broad, deeply displaced563

660 points to ultra-sluggish olivine ⇔ wadsleyite kinetics coexisting with intermediate564

to ultra-sluggish ringwoodite decomposition. A broad, deepened 410 paired with a broad,565

deepened 660 is consistent with intermediate kinetic inhibition at both transitions. A566

modestly displaced, narrow 410 paired with a modestly displaced, narrow 660 suggests567

quasi-equilibrium conditions across the full transition zone (Figure 7). These joint pat-568

terns exploit the different saturation behaviors of the interface-controlled and diffusion-569

controlled reaction mechanisms, though they only narrow (rather than eliminate) the am-570

biguity with thermal, compositional, and rheological contributions discussed below.571
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Figure 7: Synthetic seismic velocity profiles extracted along representative depth pro-

files in plume (left) and slab (right) simulations across the full range of tested kinetic

prefactors Zri. The black line shows the background adiabatic reference profile. Colored

bands show the envelope of profiles from slow (dark red, Zri = 1.6 × 10−3 mol2 J−2 s−1)

to fast (yellow, Zri = 1.6 × 103 mol2 J−2 s−1) kinetics. In plumes, the 410 and 520 are

depressed, and the 660 is uplifted by elevated temperatures (+T ). The narrow colored

band at the 660 indicates that its position is insensitive to Zri. In slabs, the 410 and 520

are uplifted by cold temperatures (−T ), but counter-shifted by sluggish kinetic conditions

(−Zol, −Zwd). The 660 is depressed by both cold temperatures and kinetic inhibition

(−T , −Zri), with the wider colored band reflecting stronger sensitivity to Zri. Unlike the

410, temperature (−T ) and kinetic (Zri) effects displace the 660 in the same direction in

cold environments.
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4.4 Constraining Kinetics from Seismic Observations572

Seismic observations in several subduction zones show the 660 displaced over a broad573

area while 410 displacement is either more localized or undetected, possibly because nar-574

row structures escape detection. Examples include subduction zones beneath South Amer-575

ica (Ba et al., 2025), East Asia (Liu et al., 2022; Sun et al., 2020; Tang et al., 2023), and576

Europe (Cottaar & Deuss, 2016; Kalmár et al., 2025). These studies generally invoke wa-577

ter or the akimotoite ⇔ bridgmanite transition to explain the pattern, but our results578

show kinetic inhibition offers an alternative explanation for at least part of the signa-579

ture.580

Beyond overall displacement, a handful of studies also constrain the width of the581

transition, offering an independent test of our kinetic-inhibition hypothesis. Prior work582

often attributes such broadening to the joint decomposition of ringwoodite and garnet,583

but our results show that kinetic effects alone can reproduce the observed widths. In-584

version of receiver functions over a broad area beneath the US shows a velocity gradi-585

ent over 25 km (Schmandt, 2012). More locally, frequency-dependent receiver function586

observations constrain a 30–40 km wide 660 beneath Chile–Argentina (Bonatto et al.,587

2020), and triplications show a 50–70 km transition beneath Northeast China (Wang &588

Niu, 2010); both locations are associated with subducted slabs. The Chile–Argentina width589

falls within the range predicted by kinetic effects in the stagnation regime (Figure 6; Ta-590

ble S1), and, following the trends discussed in Section 3.2, the 50–70 km transition be-591

neath Northeast China is consistent with ultra-sluggish ringwoodite decomposition within592

a strong, quickly descending slab.593

Beyond depth and width, the 660 also displays a structural complexity that gen-594

erally exceeds the 410. The discontinuity can appear split (Boyce & Cottaar, 2021; Deuss595

et al., 2006) or difficult to resolve in long-period PP precursor data (Deuss, 2009; Less-596

ing et al., 2015), and observed amplitude variations in precursors (Waszek et al., 2021;597

Yu et al., 2023) and high-frequency scattering (Day & Deuss, 2013; Wu et al., 2019) point598

to compositional variations around the boundary. Some of this apparent complexity may599

itself be a kinetic signature. In higher-frequency data, such as receiver functions, a broad600

transition may resemble a split one. Determining how much kinetic effects contribute601

to these observations (versus genuine compositional variation) requires forward model-602

ing of synthetic seismic data (e.g., Lessing et al., 2015).603
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Seismic observations alone, however, cannot fully separate kinetic effects from ther-604

mal, compositional, and rheological contributions. The boundaries between regimes shift605

systematically with B, inflow velocity, and the viscosity jump factor b, so the same 660606

structure is consistent with many kinetic-rheological combinations. As previously stated,607

joint analysis of the 410 and 660 in the same slab column narrows, rather than eliminates,608

this ambiguity. However, two laboratory priorities would translate this framework into609

quantitative observational constraints. The first is high-pressure experiments that re-610

duce uncertainties in ringwoodite decomposition kinetic parameters under cold slab con-611

ditions with small pressure oversteps. The second is explicit kinetic models for the re-612

verse post-spinel reaction (e.g., Lessing et al., 2022).613

4.5 Slab Dynamics and the Diversity of Subduction Behavior614

Ringwoodite decomposition kinetics independently promote slab stagnation through615

buoyancy accumulation in the metastable ringwoodite zone, without requiring trench re-616

treat or a prescribed lower-mantle viscosity jump. Slabs progress from continuous pen-617

etration in the quasi-equilibrium regime, through temporary stalling and flattening in618

the intermediate regime, to full ponding above the 660 in the stagnation regime (Fig-619

ure 3; Section 3.2). These results complement the equilibrium stagnation mechanisms620

identified by Garel et al. (2014), Agrusta et al. (2017), and Goes et al. (2017). Where621

those studies identify the Clapeyron slope, lower-mantle viscosity increase, and trench622

retreat as necessary joint conditions for stagnation, our results establish kinetic inhibi-623

tion as an additional, independently variable impedance. A lower-mantle viscosity jump624

reinforces kinetic stagnation in our simulations (Figures S4–S7), confirming that kinetic625

and viscous impedances at the 660 are additive.626

The diversity of slab behavior documented globally by Fukao & Obayashi (2013)627

maps onto this three-regime framework. Stagnant western Pacific slabs with 660 depres-628

sions of 30–60 km (Jiang et al., 2015; Tauzin et al., 2017) are consistent with the inter-629

mediate regime at moderate Zri, particularly where faster descent velocity through the630

660 amplifies metastable accumulation. The deepest observed depressions exceeding 60631

km require either stagnation regime kinetics, the akimotoite ⇔ bridgmanite contribu-632

tion (Chanyshev et al., 2022), or both acting together. Steeply penetrating slabs are con-633

sistent with the quasi-equilibrium regime. Slabs that deflect at the 660 before eventu-634

ally sinking may record temporal evolution within the intermediate or stagnation regimes,635
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where metastable ringwoodite is gradually consumed until buoyancy is lost and the slab636

resumes descent, consistent with Mao & Zhong (2018) who found that stagnation is tran-637

sient on timescales of 20–30 Ma. A separate geodynamic modeling study of ringwood-638

ite decomposition kinetics predicts slab residence times at the base of the transition zone639

of 150–160 Ma before buoyancy is lost and penetration resumes (Chapman & Clarke, 2021),640

a timescale consistent with the persistent metastable zones in our stagnation regime and641

with the long-lived sub-horizontal ponding documented in the western Pacific (Fukao &642

Obayashi, 2013).643

Descent rates offer a further point of comparison with nature, though a more de-644

manding one given the inherent limitations of our phenomenological model. Descent rates645

through the 660 in the quasi-equilibrium regime fall somewhat below the natural interquar-646

tile range of 2.6–4.8 cm yr−1 (Lallemand et al., 2005), a discrepancy also present in the647

410 results of Kerswell et al. (2026). Our model already includes slab pull, the dominant648

driving force in nature, but omits other controls on descent rate, including upper man-649

tle viscosity structure, chemical buoyancy contrasts between basaltic and harzburgitic650

layers, volatile content, and 2D geometric simplifications that neglect trench retreat and651

lateral flow. Any of these factors could shift simulated rates closer to natural values. Be-652

cause our simulations are designed to isolate and demonstrate kinetic effects rather than653

to reproduce the full boundary conditions of natural subduction, the absolute descent654

rates are not expected to match observations quantitatively. The qualitative correspon-655

dence with observed slab diversity discussed above is the more direct test of our kinetic-656

inhibition hypothesis. Incorporating the omitted physics would be needed to translate657

our results into quantitative natural descent rates, and represents a natural extension658

of this framework.659

Despite all of these considerations, the clearest result of our simulations is that ki-660

netic inhibition does not act in isolation, but jointly with rheology and kinematics to con-661

trol subduction dynamics at the 660. Stronger slabs (B = 10) descend faster through662

the 660 due to their structural coherence and produce smaller displacements in the quasi-663

equilibrium regime, where kinetics are fast enough to keep pace with the slab. In the in-664

termediate and stagnation regimes, however, their faster descent through the 660 car-665

ries more material into the metastable zone, amplifying 660 depression relative to weaker666

slabs. Weaker slabs with faster descent rates through the 660 generally amplify metasta-667

bility and shift both regime boundaries to higher Zri (Figure 6). Small changes in con-668
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vergence rate or rheological strength near a regime boundary could therefore drive episodic669

transitions between penetrating and stagnant behavior at individual subduction zones670

over geological time (Agrusta et al., 2017; Kerswell et al., 2026).671

5 Conclusions672

We couple diffusion-controlled ringwoodite decomposition kinetics to compressible673

mantle flow simulations that also resolve the 410 and 520 transitions, varying the kinetic674

prefactor across six orders of magnitude alongside slab strength, mantle viscosity struc-675

ture, and inflow velocity. Our simulations show that the different reaction mechanisms676

governing the 410 and 660 produce fundamentally different controls on discontinuity struc-677

ture and slab dynamics across the MTZ.678

Ringwoodite decomposition kinetics exert first-order control on slab dynamics at679

the 660, modulated by mantle viscosity structure, descent velocity, and slab strength.680

Slabs progress through three regimes as reaction rates slow. Near equilibrium, slabs de-681

scend continuously through the 660. As metastable ringwoodite accumulates, descent682

progressively slows and the 660 broadens and deepens. At the slowest reaction rates, slabs683

fully stagnate above the 660, descent rate drops by an order of magnitude, and 660 de-684

pression reaches two to four times the equilibrium prediction. This kinetic inhibition in-685

dependently promotes slab stagnation, complementing and amplifying the established686

equilibrium mechanisms of the endothermic Clapeyron slope and lower-mantle viscos-687

ity jump. The resulting seismic signatures differ and become diagnostic. Quasi-equilibrium688

kinetics produce narrow, modestly depressed reflectors, while stagnation produces broad,689

deeply depressed reflectors with reduced amplitude, offering an alternative explanation690

for observations often attributed instead to akimotoite, garnet, or water.691

The character of these regimes differs fundamentally from those at the 410. There,692

the interface-controlled driving force saturates at high overstepping, permitting abrupt693

re-sharpening once temperatures overcome the kinetic barrier. At the 660, the quadratic694

diffusion-controlled driving force grows continuously with overstepping, so displacement695

and width increase monotonically from quasi-equilibrium through stagnation with no re-696

sharpening at any tested condition. Kinetic stagnation at the 660 is therefore progres-697

sive and persistent rather than threshold-controlled, a distinction essential for correctly698

interpreting the diverse seismic signatures of the MTZ.699
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Realizing the observational potential of this framework requires progress on two700

fronts. High-pressure experiments targeting cold slab conditions, including small pres-701

sure oversteps, would reduce current uncertainties in activation energy and the kinetic702

prefactor, alongside dedicated kinetic models for the reverse post-spinel reaction. Frequency-703

dependent inversions that jointly constrain 660 topography and width in well-studied704

subduction zones would help discriminate kinetic from competing thermal and compo-705

sitional explanations. Together with our companion study of the 410, these advances would706

extend seismological constraints to both the interface-controlled and diffusion-controlled707

kinetic regimes of the MTZ.708
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