Supplementary Methods
Numerical experiments were conducted with a finite difference thermo-mechanical
numerical code with a fully staggered Eulerian grid and a Lagrangian particle field based on the
marker-in-cell technique1-3. The mechanical implementation employs a visco-elasto-plastic
rheology and governing equations are discretized on the non-deformable Eulerian grid and
solved with the MATLAB’s “backslash” direct solver for the two velocity components and
dynamic pressure. Temperature is solved separately on the Eulerian pressure nodes with
MATLAB’s “backslash” direct solver. Material properties are interpolated on freely moving
Lagrangian markers that advect through the fixed Eulerian grid according to a fourth-order
Runge-Kutta derived velocity field.

Governing equations. The mechanical model implements the equations for conservation of
mass (incompressible)
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and conservation of momentum (Stokes equation)
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P = mean stress, ui = velocities, xi = spatial coordinates, τij = deviatoric stress tensor, ρ = density,
and gi = is the gravitational acceleration.
Temperature is implemented by the energy equation
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T = temperature, t = is time, CP = isobaric heat capacity, and k = thermal conductivity
coefficient. Additional heat sources include adiabatic heating (Ha), radioactive heating (Hr), and
shear heating (Hs):
𝐷𝐷𝐷𝐷
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ξ = fraction of work adding to shear heating. Hr is implemented as a constant for each rock type.
Density changes related to thermal expansion α and compressibility β are implemented
following
𝜌𝜌 = 𝜌𝜌𝑟𝑟 [1 + 𝛽𝛽(𝑃𝑃 − 𝑃𝑃𝑟𝑟 ) ∙ 1 + 𝛼𝛼(𝑇𝑇 − 𝑇𝑇𝑟𝑟 )],
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where ρr = reference density, Pr = reference pressure (1 bar), Tr = reference temperature (273 K),

α = thermal expansivity, and β = compressibility.

Rheological model. The visco-elastic relation between stress and strain rate follows a Maxwelltype model composed of a viscous and an elastic strain rate part
1 𝐷𝐷𝜏𝜏𝑖𝑖𝑖𝑖
,
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where G indicates the shear modulus and η the effective viscosity with lower and upper cutoffs
of 1017 and 1025 Pa·s, respectively. Elasticity is implemented by adapting the effective viscosity
depending on the “computational” time step and the stress history1,4,5. The objective co-rotational
time derivative of visco-elastic stresses is discretized as a function after applying first-order
finite difference
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and the visco-elasticity factor
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with η as effective viscosity, which leads to the numerical visco-elastic viscosity
η ∙ ∆𝑡𝑡∙𝐺𝐺
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used to solve the set of equations.
The viscous strain rate is composed of both dislocation and diffusion creep following the
general power law for a viscous implementation6:
𝜀𝜀̇ = 𝐴𝐴𝐷𝐷 ∙ 𝑓𝑓𝐻𝐻2 𝑂𝑂𝑟𝑟 ∙ 𝜎𝜎 𝑛𝑛 ∙ 𝑑𝑑𝑚𝑚 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒(−𝐸𝐸+𝑃𝑃∙𝑉𝑉
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where AD = pre-exponent, fH2O = water fugacity, r = water fugacity exponent, σ = stress, n =
stress exponent , d = grain size, m = grain size exponent, E = activation energy, V = activation
volume, and R = gas constant (8.314 J/K/mol).
Viscosities for dislocation creep ηdisl and diffusion creep ηdiff are calculated separately by
reformulating the general viscous power law equation (S13):
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The composite viscosity resulting for the simultaneous occurrence of dislocation and diffusion
creep follows
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Figure S1 shows vertical viscosity (a-c) and strength profiles (d-f) for variable grain sizes, strain
rates, and water contents. Such an illustration helps interpreting the dominating deformation
mechanism in the uppermost mantle depending on the investigated variables.
Plastic failure occurs if the visco-elastic differential trial stresses exceed the yield stress
(F > 0) according to the Drucker-Prager yield criterion with a flow potential resulting in a
dilation angle of zero:
𝐹𝐹 = 𝜎𝜎𝐼𝐼𝐼𝐼 − 𝜎𝜎𝑦𝑦
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where

where C = cohesion, φ = friction angle, and λf = fluid pressure ratio. Exceeded stresses are kept
within the failure envelope by decreasing the plastic viscosity ηp to maintain those stresses
𝜎𝜎

η𝑝𝑝 = 2𝜀𝜀𝑦𝑦𝜀
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where

𝐼𝐼𝐼𝐼

The effective viscosity going into the viscous part of the Maxwell rheological model follows

After interpolation of the Eulerian velocity field onto the Lagrangian markers, stress

changes and plasticity are calculated on those. The updated effective viscosity is then
interpolated back onto the Eulerian nodes and used to solve the system of equations. Time steps
exhibit maximally ≤1000 yr following a Courant number of 0.25.

Grain size evolution model. Grain size is calculated based on the paleowattmeter7. Grain size
depends on independently acting growth and reduction terms. Grain size reduction rate is related
to mechanical work executed by dislocation creep (σε̇ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ) and is described by

𝑑𝑑̇𝑟𝑟𝑟𝑟𝑟𝑟 =

σε̇ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 λ𝑑𝑑2
𝑐𝑐γ

,
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where σ is stress, ε̇ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is dislocation creep strain rate, c is a geometric constant (π for spheric

grains), γ is the grain boundary energy, and λ denotes the fraction of work that goes into grain

size reduction (λ = 1–ξ), whereas the rest of the work goes into the shear heating term (Hs; see
eq. S6)8-10. Fitting experimentally-derived olivine grain sizes versus expected grain size using the
paleowattmeter with the grain growth law constrained by Speciale and others11 resulted in a λ of
0.01 (Fig. S2a). The constrained fraction of work that adds to the grain size reduction term is
substantially smaller than previously applied fractions of λ = 0.17,12,13. However, a recent study
demonstrated that the energy partitioning factor λ of olivine ranges between 0.002 and 0.04 for a
wide spectrum of pressure and temperature conditions14.
Grain growth rate follows a normal relationship given by
𝐸𝐸 +𝑃𝑃∙𝑉𝑉
𝑑𝑑̇𝑔𝑔𝑔𝑔 = 𝐾𝐾𝑔𝑔 𝑓𝑓𝐻𝐻2 𝑂𝑂 exp�− 𝑔𝑔 𝑅𝑅𝑅𝑅 𝑔𝑔 � 𝑝𝑝−1 𝑑𝑑1−𝑝𝑝 ,
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where Kg = growth rate constant, fH2O = water fugacity, Eg = activation energy, Vg = activation
volume, P = pressure, T = temperature, R = gas constant, d = grain size, and p = growth
exponent. We applied experimentally derived olivine grain growth parameters by Speciale and
others11 that result in significantly slower grain growth than previous constraints15 (Fig. S2b).
The new grain dnew size is calculated on the Lagrangian markers following
𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛 = �𝑑𝑑̇𝑔𝑔𝑔𝑔 − 𝑑𝑑̇𝑟𝑟𝑟𝑟𝑟𝑟 � ∙ 𝐷𝐷𝐷𝐷

and then goes into the power law creep calculation for diffusion creep (eq. S14).

(S24)

Model setup. The Eulerian model domain measures 1000 x 670 km in x- and y-direction,
respectively (Fig. S3). The nodal resolution is 501 x 336 in x- and y-direction, which results in a
cell size of 2 x 2 km. Rock type, rheological information, and mechanical, thermal, and grain
size material properties (Tables S1-4) are stored on 25 Lagrangian markers per Eulerian cell. The
initial marker distribution (Fig. S3) describes from top to bottom: i) a 10-km-thick layer of low
viscosity sticky-air, which allows for a quasi-stress-free surface (air/rock interface)16, ii) a 23km-thick upper continental crust with quartzite rheology17,18, iii) a 10-km-thick lower continental
crust with anorthite rheology19, iv) 627 km of upper mantle with dry or wet olivine rheology6. A
weak inclusion of 4 x 4 km of quartzite rheology is placed in the lower continental crust at x =
500 km to localize rifting (Fig. S3).
Fugacity in the upper continental crust is calculated after Shrinevar et al.20. In the upper
mantle, fugacity is implemented as constant fluid content with values of COH = 50, 175, 600, or
2500 H/106Si, covering the range of estimated values obtained from experimental studies21,22.
Fluid content in the mantle affects both viscosity (eq. S14) and grain growth (eq. S23).
The initial temperature distribution describes 0° within the sticky-air layer, a linear
increase from 0°C at the surface (y = 10 km) to 660°C at the Moho (y = 43 km), and from there
to 1345°C at the thermally-induced lithosphere-asthenosphere boundary (LAB) at 150 km depth
(y = 160 km). Below the LAB, a static temperature increase of 0.5°/km is introduced.
Oceanic crust with an anorthite-diopside (50/50) rheology23 is produced if mantle rock
markers less than 8 km below the surface (air/rock interface) have a temperature of <400°C.

Initial grain size distribution. Initial grain size in the mantle of all experiments in the main text
logarithmically increases from 5 mm at the Moho to 10 cm at the LAB, and 10 cm throughout
the lower part of the mantle. Figure S2 shows the grain size distribution within the uppermost
300 km after 10 Myr (Fig. S4a) and the temporal evolution of average grain size in the lower 300
km of the upper mantle (Fig. S4b) for different initial conditions. Grain sizes within the
lithosphere are mainly driven by the reduction term due to lower temperatures. High
temperatures and thus fast growth rates allow the lower part of the model domain to rapidly
restore deformation-related reduced grain sizes. As a result, the initial grain size within the lower
300 km of the model is of little importance, while initial grain sizes should be large enough
throughout the lithosphere not to be dependent on initial growth.

Surface evolution model. The surface line (rock/air interface) undergoes simple syn-tectonic
sedimentation and erosion mimicked by a linear diffusion scheme
𝜕𝜕ℎ𝑠𝑠
𝜕𝜕𝜕𝜕

= 𝜅𝜅

𝜕𝜕2 ℎ𝑠𝑠
𝜕𝜕𝑥𝑥𝑖𝑖2

,
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with h = surface elevation and κ = diffusion coefficient (10-6 m2/s). Syn-tectonic sediments have
equal material and strength properties as the initial sediment sequence.

Figure S1. Viscosity (a-c) and strength (d-f) profiles calculated by dislocation and diffusion
creep flow parameters given in Table S1 for variable grain size (a, d), strain rate (b, e), and water
content (c, f). Black: Dislocation creep. Blue: Diffusion creep, constant grain size. Red:
Diffusion creep, variable grain size between Moho and LAB (10-4–10-2 m). Color in (e) and (f)
show which deformation mechanism is defining the strength.

Figure S2. (a) Fitting of experimentally measured and predicted olivine grain size, resulting in a
λ = 0.01. 24 (b) Predicted grain growth with parameters from Speciale, et al. 11 and an initial grain
size of 10-4 m for different water contents at 800, 900, and 1000°C.

Figure S3. Model setup. Arrows indicate velocity boundary conditions.

Figure S4. Testing variable initial grain size distributions. a) Profiles of grain size after 10 Myr
between x = 10–100 km, where shear zone effects are absent. Blue: Constant initial grain size of
1 cm. Green: 5 mm at Moho to 5 cm at LAB. Yellow: 2.5 mm at Moho to 7 cm at LAB. Red: 5
mm at Moho to 10 cm at LAB. b) Temporal evolution of average grain size in the lower 300 km
of the upper mantle. Blue: Initial grain size in lower part of upper mantle of 1 cm. Green: Initial
grain size in lower part of upper mantle of 5 cm. Yellow: Initial grain size in lower part of upper
mantle of 7 cm. Red: Initial grain size in lower part of upper mantle of 10 cm.
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