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S1 Finite-element mesh and additional resolution tests20

The adapted finite-element mesh is shown in Fig. S1 at transition (ttr) and localization times (tPB) for the reference localiz-
ing simulation ref-1. In this simulation, the minimum and the maximum element size are 1 km and 5 km (z < 100 km) to
100 km (z ≥ 100 km) , respectively. The mesh automatically adapts on the following criteria: temperature (5 K), velocity
(3·10−11 m s−1), second invariant strain rate (log10 scale - 0.01) and viscosity (log10 scale - 0.01). The latter two criteria
are evidenced by the small element size (i) in the mid-lithosphere around 900 K where the vertical viscosity variation is large25
(Fig. 9 and C1 in the main text), (ii) next to the central incipient plate boundary, and (iii) in the regions where the asthenospheric
mantle flow changes orientation (cf Fig. 3 of the main text).
We perform resolutions tests keeping the same adaptivity criteria, but varying the minimum element sizes: 2000, 1000, 500,

Figure S1. Finite-element mesh of the whole simulation domain (1200×400 km) superimposed on the viscosity field for Simulation ref-1
(rheology D−dLT-HT −Y500 MPa, initial plate age of 50 Myrs, extension rate v1/2 of 1 cm/yr), shown at the transition time ttr =6.5 Myr (top),
and at the time tPB =12 Myr when the plate boundary becomes steady (bottom), corresponding to snapshots of velocity and deformation
fields in Fig. 3b in the main text.

200 or 100 m. For rheology D− dLT-HT −Y500 MPa, deformation localization is only slightly faster for smaller minimum edge
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lengths (Fig. S2a), with less than 1.5 Myr difference when the element size is 200 m rather than 1000 m. Thus, we choose30
1000 m for minimum element size for most simulations in this study, i.e. a compromise between computation times and accu-
racy of model predictions.
For a rheology with yield-stress restricted to low temperatures (D−d−Y

900/950K
200/500 MPa), there is on the contrary a large difference

between 1000 and 500 m minimum size (Fig. S2b). In this simulation, the thin high-viscosity layer at the transition between
creep and yielding domain, which is only a few kilometers thick (Fig. 9a,c and C1-c in the main text), cannot be well-resolved35
with a minimum size of 1000 m: we thus perform simulations with such rheology with a minimum element size of 200 m to
ensure that the slow localization (described in Section 4.3 of the main text) is not mesh-dependent.

Figure S2. Influence of the mesh minimum element size on the evolution of the width of the deformed zone w(t) (black lines) and of plate
thickness hplate at the domain center (red lines) in the reference setup (half-spreading rate v1/2 of 1 cm yr−1 and initial plate age equal to
50 Myr). (a) Rheology D− dLT-HT −Y500 MPa combining diffusion creep, low- and high-temperature dislocation creep and a yield stress of
500 MPa. For minimum element mesh size of 200; 500 or 1000 m, transition and incipient plate boundary times (ttr and tPB) are 6 and
10.5 Myr; 6 and 10.75 Myr or 6.5 and 12 Myr, respectively. (b) Rheology D−dHT −Y 950 K

500 MPa combining diffusion creep, high-temperature
dislocation creep and a yield stress of 500 MPa restricted to temperatures lower than 950 K. For minimum element mesh size of 100; 200;
500 or 1000 m, transition and localization times (ttr and tPB) are of 12.5 and 19 Myr; 12.5 and 19 Myr; 11.75 and 18.5 Myr or 8 and 16 Myr,
respectively.

S2 Boundary conditions

S2.1 Main simulations: details of 1-D Couette outflow at domain side boundaries

We compute a theoretical velocity profile ux(z) for a 1-D Couette flow40

– with the half extension velocity v1/2 at the top and a null velocity at the bottom,

– for a vertical viscosity profile associated to diffusion creep viscosity for a 50 Myr-old plate.

The simulation domain of thickness H (400 km) is discretized into 400 constant-viscosity layers, which, assuming incom-
pressible Stokes equations in each layer i

d2 ui
x

d z2
= 0 (S1)45

leads to a linear velocity profile ui
x(z) = aiz+ bi. The constant shear stress τxz is equal to aiηi with:

τxz = −ηi
d ux

d z
(S2)
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The continuity of horizontal velocity and shear stress at each interface between layers, combined with the top (ux(0) = v1/2)
and bottom (ux(H) = 0) boundary conditions, leads to a well-posed linear system, whose solution yields the vertical profile of
horizontal velocity (ux(z)).50
This exact profile ux is then approximated to simplify input outflow velocity profile at the domain sides vx(z):

vx(z) =

{
v1/2(1− z

zLAB
)+V (zLAB)

z
zLAB

for z ≤ zLAB

V (z) for z > zLAB,
(S3)

where zLAB is the depth of ’constant-velocity’ plate, defined following Garel and Thoraval (2021) as the depth where the
horizontal velocity drops below 99 % of the surface extension velocity v1/2, e.g. zLAB = 89 km for a 50 Myr-old plate (’Couette
age’). V (z) is a 10th-order polynomial fit of ux(z), ensuring the continuity of the velocity profile at z = zLAB (Fig. S4):55

V (z) = c10 · z10 + · · ·+ c1 · z+ c0 (S4)

with coefficients cj given in Table S1 for v1/2 = 1 cm yr−1.

Table S1. Polynomial coefficients cj of vertical velocity profile imposed as sides boundary conditions, calculated for v1/2 = 1 cm yr−1 and
a ’Couette’ age of 50 Myr. For other extension velocities, coefficients cj are increased or decreased proportionally to the velocity ratio.

c10 c9 c8 c7 c6 c5
1.62607080 10−63 -4.53868567 10−57 5.60944110 10−51 -4.03504583 10−45 1.86626092 10−39 -5.77967776 10−34

c4 c3 c2 c1 c0
1.20780239 10−28 -1.66874438 10−23 1.43959164 10−18 -6.94070902 10−14 1.73487485 10−9

S2.2 Main simulations: details of bottom boundary conditions

At the domain bottom boundary, a purely vertical inflow (vx=0) is prescribed over a 600-km wide region centered at x = 600 km
(300 ≤ x ≤ 900 km). Within this central segment, the vertical velocity vz(x), that adjusts to side boundary conditions and60
free-surface deformation, is rather steady, with a central peak around ∼1 cm yr−1 for v1/2=1 cm yr−1 (Fig. S7). Outside
this central segment, a no-slip and closed condition is imposed with vx = vz = 0. The inflow lateral restriction ensures that
strain localization develops preferentially at the domain center (Sect. S2.3) without the need for an initial heterogeneity in the
lithosphere — e.g. weak seed (Huismans and Beaumont, 2007; Tetreault and Buiter, 2018), or thermal perturbation (Brune
et al., 2012; Heckenbach et al., 2021).65

S2.3 Additional tests varying (steady) bottom and side boundary conditions

We perform a suite of additional simulations ensuring the robustness of our results, by varying the kinematic boundary condi-
tions along vertical sides and/or the box bottom (Fig.S3 and S4b).
In this study, we compare various combinations of mantle rheology. Yet, the 1-D Couette outflow is calculated for a vertical
viscosity profile depending solely on a diffusion creep flow law (Eq. 1 in the main text, and Sect. S2.1). However, including70
dislocation creep is expected to emphasize the below-plate weakening (e.g. Patočka et al., 2024). Thus, we further evaluate
whether the vertical structure of the imposed velocity profile influences the results obtained for Simulation Ref-1 (rheology
D− dLT−HT −Y500 MPa :

– a 1-D Couette profile imposed at the vertical sides computed from a viscosity profile featuring a subplate low-viscosity
layer mimicking a ’below-plate weakening’ (Fig. S4; Fig.S3b).75

– a vertically-uniform extension rate over a 400-km thickness, imposed along the vertical sides of the simulation box
(Fig.S3c),
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– a free-slip and closed boundary imposed at the box bottom, along with a vertically-uniform ’plate’ extension rate imposed
between 0 and 89 km depth combined with a purely free horizontal velocity (vz = 0) between 89 and 400 km depths
(Fig.S3d).80

Figure S3. Flow patterns and strain rate field at tPB (i.e. ≈ 12 Myr, Fig.S5) for simulations performed with different kinematic boundary
conditions : (a) Simulation ref-1 ; (b) subplate low-viscosity layer; (c) vertically-uniform extension velocity; and (d) constant outflow ’plate’
velocity with a free-slip imposed along the closed bottom. All simulations feature rheology D− dLT−HT −Y500MPa for an initial thermal
plate age of 50 Myr and a half extension rate v1/2 = 1 cm yr−1. The background field represent the second invariant of the strain rate, the
red lines represent the 900 and 1500 K isotherms. Black vectors depict the velocity field.

The overall scenarios of localization are similar to the one obtained for Simulation ref-1, with only a short delay in deformation
localization (< 1.5 Myr, at tPB) for the simulation with a sub-plate low-viscosity (Fig. S5). We also note that the simulation
with bottom free-slip boundary conditions differs only in the location of plate-boundary formation (Fig. S3d), which occurs
closer to the side of the domain and not at its center. These tests suggest that the chosen boundary conditions do not narrow
the range of extensional scenarios that are obtained. In addition, in all the numerical experiments described in the main text,85
the prescribed velocity at the lateral boundaries is calculated for a ’Couette age’ of 50 Myr, even if the actual initial thermal
age of the simulation is different (e.g. 10 Myr or 100 Myr). Because the thermal structure of the lithosphere evolves with
time, the Couette velocity profile computed for a given ’Couette age’ may not strictly correspond to the evolving thermal state
of the model. We therefore perform sensitivity tests to assess the impact of using a single ’Couette age’ (50 Myr): two 1-D
Couette profiles are computed from a diffusion-creep calculated with a ’Couette age’ corresponding to the initial thermal age90
of 10 Myr or 100 Myr (Fig. S4; Fig. S6). Varying the kinematics boundary conditions as a function of the ’Couette’ age or
the initial thermal age does not significantly alter the localization scenarios described in the main text: simulations featuring
an initial ’thermal age’ of 10 Myr and 100 Myr exhibit a slightly faster localization (∼0.5 Myr) for higher ’Couette ages’ (50
and 100 Myr in Fig. S6a and b, respectively). We conclude that our results do not depends on the chosen ’Couette age’, that is
why we choose a ’Couette age’ of 50 Myr for the prescribed kinematic boundary conditions at the side boundaries of all our95
simulations. This choice facilitates direct comparison between simulations for equivalent extension rates.
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Figure S4. (a, b) Theoritical vertical profiles of viscosity and horizontal velocity for different - side - boundary conditions. (a) Viscosity
profiles calculated using a diffusion creep rheology for plate ages of 10, 50 and 100 Myr (blue curves). The ’below-plate’ weakening
(lightgreen curve) corresponds to the diffusion creep viscosity profile which is gradually weakened up to 20 times at 100 km depth. (b)
The prescribed velocity at the left hand side of the domain (the right hand boundary is symmetrical) is calculated from the corresponding
viscosity profile (panel ’a’). The red curve is a uniform velocity with depth, the velocity profile in dark green is prescribed up to a 89 km
depth only. (c, d) Outcomes of the simulations: profiles of effective viscosity (panel c), and of horizontal velocity (panel d) for rheology
D− dLT−HT −Y500MPa at time tPB and at the position x = 100 km (i.e. 100 km away from the left side).
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Figure S5. Evolution with time (and cumulated strain) of (a) width of the enhanced deformation zone w, and (b) plate thickness hplate at
x = 600 km for simulations performed with the same rheology (D−dLT−HT −Y500 MPa), initial (’thermal’) plate age (50 Myr), and extension
velocity (v1/2 = 1 cm yr−1). Only the boundary conditions differ between the simulations. The times ttr and tPB are denoted by points and
stars, respectively.

Figure S6. Evolution of the width of deformed zone (black), and of the plate thickness hplate (red) for v1/2=1 cm yr−1, for initial ’thermal’
plate ages of 10 Myr (a) or 100 Myr (b). Dashed and solid compare results for ’Couette’ ages (boundary condition of the lateral velocity
profiles) either identical to the thermal age, or of 50 Myr.
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S2.4 Additional test: enhancing bottom inflow

We perform one simulation in which the bottom inflow is enhanced by imposing vz(x) in a simulation with the same rheology,
initial plate age and lateral spreading as in Simulation ref-1. The forced bottom vertical inflow is calculated to balance the total
side horizontal outflow, which is twice the integral of the horizontal velocity profile vx(z):100 ∫ L

2 +
Lf
2

L
2 −

Lf
2

vz(x)dx= 2

∫ H

0

vx(z)dz (S5)

with L the total domain width (1200 km), Lf the width of the bottom segment with no-null vz . We assume a parabolic velocity
inflow at the bottom boundary between L

2 − Lf

2 and L
2 +

Lf

2 peaking at vz-max:

vz(x) = a

(
x− L

2

)2

+ vz-max (S6)

with coefficient a=− 4
(Lf )2

vz-max. Lf is calculated as:105

Lf =
3

vz-max

∫ H

0

vx(z)dz (S7)

The simulation with enhanced vertical inflow features a bottom peak velocity vz-max = 6 cm yr−1 with Lf ∼ 130 km width
(Fig. S7). We observe a faster strain localization under this enhanced inflow (Fig S8a), with a shorter Stage 1 (transition time

Figure S7. Output vertical velocity along domain bottom boundary (z = 400 km) at different times during Simulation ref-1 (black lines), and
input parabolic ’enhanced’ inflow as bottom boundary condition for the additional simulation (red line).

ttr = 4.8 vs 6.5 Myr, associated to a faster narrowing rate) and a comparable Stage 2 duration (localization time tPB = 9.8
vs. 11.8 Myr, i.e., less than 0.5 Myr difference when removing the shift in Stage 1 duration). The enhanced asthenosphere110
upwelling results in a higher strain rate at the box center, hence a slightly higher mechanical weakening (FSR ≥60 % in the
dislocation creep domain in Stage 1 compared to FSR ≥ 50 % in Simulation ref-1, Fig. S8b). This simulation is a first-order
proxy for lithosphere deformation ahead of a plume arrival: increasing the vertical mantle inflow leads to stronger weakening
and faster strain localization, even without introducing a thermal anomaly or melt weakening.
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Figure S8. Evolution of (a) vertically-averaged strain rate amplification and (b) relative contributions to weakening FT and FSR computed
at x= 600 km for the simulation with an enhanced vertical inflow peaking at 6 cm yr−1. Dash-dotted contour refers to Simulation ref-1 in
panels (a- strain-rate amplification equal to 1 and (b - threshold of 60 % mechanical weakening).
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S3 Rheology115

S3.1 Comparing dynamic and lithostatic pressures

The amplitude of dynamic pressure is high in the cold lithosphere and decreases with time (∼-500 MPa, Fig. S9). The largest
differences compared to the lithostatic pressure are located in the shallow cold and yielding part of the lithosphere which is
not pressure dependent (Eq. 8 in the main text). At greater depth, where deformation is dominated by creep mechanisms, the
lithostatic pressure is equivalent to the total pressure, and the dynamic pressure is negligible.

Figure S9. Simulation Ref-1 at three different times: 1 Myr, ttr and tPB. (a-c) cross-section of dynamic pressure over 120 km depth. (d-f)
Pressure as a function of depth, the blue, orange and green curves represent the mean value for the dynamic, lithostatic and total (dynamic +
lithostatic) pressure, respectively. The yield-creep transition depth at x = 600 km is reported with darkblue dashed line on each graphs

120
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S3.2 Ensuring the consistency of deformation partitioning between diffusion and dislocation creeps with iterative
computation of creep viscosity

When both diffusion creep and dislocation creep (HT or LT-HT) are included in the rheological parameterization, the effective
creep viscosity is computed as:

125

ηcreep =

(
1

ηdiff
+

1

ηdisl

)−1

(S8)

This formulation is derived by assuming that strain rates are additive.

ε̇II = ε̇diff + ε̇disl (S9)

under the condition of a single deviatoric stress σ

σ = 2 ηcreepε̇II = 2 ηdiff ε̇diff = 2 ηdisl ε̇disl (S10)130

We implement the following iterative procedure to ensure that the dislocation creep viscosity ηdisl is consistently evaluated
using the dislocation creep strain rate ε̇disl. Indeed only a total creep strain rate is computed from the velocity field, and used
to estimate ηcreep. Deformation partitioning between the two creep mechanisms (diffusion and dislocation) has to be computed
iteratively (convergence within a few iterations - we thus enforce 20 iterations in our simulations).
This iterative procedure is initialized by computing the dislocation creep viscosity from the total creep strain rate, η0disl = ηdisl(ε̇II,T )135

and the creep viscosity following eq. S8 as η0creep =
(

1
ηdiff

+ 1
η0

disl

)−1

with ηdiff = ηdiff(T,z). For the next iteration steps
(j ≥ 1), the assumption of a single stress (eq. S10) is used to iterate the dislocation creep strain rate as:

ε̇jdisl = ε̇II
ηj−1

creep

ηj−1
disl

(S11)

which is used to compute the dislocation creep viscosity as ηjdisl = ηdisl(ε̇
j
disl,T ). We then calculate a new effective creep

viscosity as:140

ηjcreep =

(
1

ηdiff
+

1

ηjdisl

)−1

(S12)

Finally, the amount of strain rate accommodated by dislocation creep is the ratio between ε̇disl and ε̇II = ε̇diff + ε̇disl which,
because of the condition of a single deviatoric stress, also corresponds to the ratio between the total creep viscosity and the
dislocation creep viscosity :

ε̇disl

ε̇creep
=

ε̇disl

ε̇diff + ε̇disl
= 1− ε̇diff

ε̇II
=

ηII

ηdisl
(S13)145

S3.3 Comparison of low-to-high temperature dislocation creep parameterisations

Figure S10 compares stress and viscosity profiles for various parameterizations of LT and HT dislocation creep in olivine
derived from experimental data, and often parameterized using the exponential law proposed by Frost and Ashby (1982).
Diffusion creep and HT and LT-HT dislocation creep laws used in our study are both comparable at high-temperatures (T >
1100 K, red lines in Fig. S10). The stress and viscosity variation with depth of our LT-HT dislocation creep (Eq. 3 in the main150
text) falls within the range of other low-temperature plasticity flow laws (for temperatures bellow 1100 K).
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Figure S10. Stress and viscosity vertical profiles between 20 and 70 km depth for a 50 Myr old plate (geotherm calculated for a half-space
cooling model with mantle and surface temperatures of 1573 and 273 K, respectively). The profiles are calculated for the parameterization of
LT and LT-HT dislocation creep used in our this study, and compared to the following flow laws constrained from deformation experiments.
(i) Data from Mei et al. (2010) and Demouchy et al. (2013), acquired at at strain rates around 10−5 s−1, extrapolate the semi-empirical
exponential law to 10−15 s−1. The low-plasticity curve (light blue) corresponds to yielding at the onset of deformation prior to strain
hardening (Warren and Hansen, 2023). The 500 and 200 MPa are the yield stress used in this study, with corresponding viscosities shown as
black lines. All stress curves are shown below the brittle-plastic transition defined by the Goetze criterion (Kohlstedt et al., 1995).
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S4 Diagnostics

S4.1 Details on plateness P calculation

Plateness is a measure of how much surface deformation is spatially localized in narrow boundaries (Tackley, 2000), defined
as :155

P = 1− f80
fc

(S14)

where fc is the characteristic surface-area fraction for a flow with given vigour and heating mode (Crameri, 2018) (fc = 1 in
this study, as in Fuchs and Becker (2019)) and f80 is the relative fraction of the total surface (or distance) in which 80 % of the
cumulative deformation occurs (see Fig. S11, for 2-D calculation using relative distance).

Figure S11. (a) Calculation of plateness P : lateral profile of the strain rate second invariant at the box surface in Simulation ref-1 at 5 Myr.
The cumulative deformation is represented by the sum of grey and red areas. L80 is the distance over which the 80 % of the cumulative
deformation occurs (red area). Fraction f80 = L80/L, where L is the width of the simulation box (1200 km). (b) Strain rate lateral profiles at
times 1 Myr (A) - resp. 5 Myr, ttr ∼6.5 Myr (C), tPB ∼12 Myr (D) - associated with peak of strain rate of 0.67·10−15, 2.0·10−15, 5.5·10−15

and 117·10−15 s−1, respectively; and fraction f80 of 0.72, 0.36, 0.11 and 0.01, respectively.

S4.2 Lateral variation of tectonic force TF160

The tectonic force is related to the traction acting on the vertical boundary (e.g. Brune et al., 2012). However - probably caused
by the 1-D Couette profile - the tectonic force is not relevant when we calculated it too close from a side (Fig. S12). Thus, we
chose to calculate the tectonic force 100 km away from the sides.
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Figure S12. Tectonic force along x axis, for D− dLT−HT creep rheology in combination with constant yield stress of 500 MPa (Ref-1
simulation, blue) model and depth- dependent yield stress (red), at (a) t = 1 Myr, (b) t = ttr (c) t = tPB.
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S5 Additional outputs for discussion

S5.1 Additional simulations with time-dependent extension rate165

We perform supplementary simulations with rheology D− dLT−HT −Y500 MPa , in which the kinematics boundary condition
imposed along the vertical sides evolves with time. The half-extension rate v1/2 increases following : (i) a linear increase
from 0 to 2 cm yr−1 over 15 Myr; or an abrupt acceleration (Figure S13a) as in numerical models performed with constant
force boundary conditions of (ii) Heine and Brune (2014) or (iii) Brune et al. (2016). The tectonic force TF is roughly

Figure S13. Time evolution of (a) prescribed surface horizontal velocity (v1/2) (b) plate thickness hplate at x = 600 km, and (c) tectonic
forces TF . Simulations have the same rheology (D−dLT−HT −Y500MPa) and initial plate age (50 Myr), but are computed using different
extension rates v1/2, the latter being either constant, or time-dependent (panel ’a’) following a linear increase with time or a time evolutions
from Heine and Brune (2014) or Brune et al. (2016). The times ttr and tPB are denoted by points and stars, respectively.

constant during Stage 1 for simulations where the extension velocity is varying with time (Fig. S13c), with Stage 2 is delayed170
compared to simulations with constant v1/2 (Fig. S13). For all simulations featuring an increase of extension rate with time,
the upwelling rate is low during Stage 1, equivalent to the simulation at low constant velocity v1/2 = 0.2 cm yr−1, then
increases during Stage 2 to higher values, that are similar to the velocity v1/2 = 2 cm yr−1 imposed in some of our simulation
(Fig. S13b). The simulation featuring a velocity linear increase exhibits an homogeneous deformation throughout the whole
plate during early stage 1 and then narrows rapidly (Fig. S14a). At the center of the domain, the relative contribution to175
weakening remains mechanically-dominated during Stage 1 (FSR > 60 %) and thermally-driven during Stage 2 (FT > 80 %)
as for D− dLT−HT −Y500 MPa rheology featuring steady velocities (compare Figure 8 in the main text to Fig. S14b).
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Figure S14. Linear increase with time simulation (see green curve, Fig. S13a). (a) Time-space evolution of the strain-rate amplification
⟨ASR⟩1500 K (x,t), computed as the vertically-averaged ratio relative to a reference strain rate (here ε̇t0 ∼3.73 10−16 s−1). Along the black
thick line, this ratio is equal to 1, the dashed black line is correspond to ref-1 simulation contour (constant v1/2 = 1cm yr−1. (b) Depth-time
evolution of the relative contributions to weakening from strain rate (FSR) and temperature (FT ). The diagnostics are only computed for
regions in weakening (W > 0), with hardening or stable regions shown in white (W < 0 ), and the color scale is capped between 0 and 1.
A highly-weakening zone, where the weakening rate normalized 10−13 s−1, is highlighted by pink contours. Boundaries between dominant
deformation mechanisms are indicated by dashed dark-blue lines, and isotherms from 800 to 1500 K are displayed in light blue.
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S5.2 Lateral variations of free-surface topography and of shallow stresses

Free-surface topography evolves with strain localization. For Simulation ref-1, the topography at time tPB reaches a maximum
of 1.5 km high and minimum of 6.1 km deep at the plate boundary location (Fig. S15). The topography obtained in the extra180
simulation including a depth-dependent yield stress does not exceed a 2.1 km-deep subsidence. In addition, shallow stresses
measured at 5 km depth are high and reach 500 MPa in Simulation ref-1 compared to a depth-dependent yield stress case
for which stresses are reduced to ∼110 MPa (decrease by a factor ∼ 4.5), except in the plate boundary area at the very end
of the experiment, where the yield stress is reached (Fig. S16). Combining these two results suggests how shallow stresses
can influence the free-surface topography: the higher the shallow stresses are, the more pronounced the topography becomes.185
Since elasticity is neglected in our models, shallow stresses are probably overestimated in our study (e.g. Patocka et al. 2019).
However, Simulation ref-1 and the supplementary simulation performed with a depth-dependent yield stress exhibit the same
two-stage scenario of plate weakening and strain localization, the timing of incipient plate boundary formation being very
close (see Appendix E in the main text) despite large differences in shallow stresses (Fig. S16). Hence, we conclude that the
main results obtained in this study, basically relying on the two-stage weakening of the lithosphere, are expected to remain190
robust even if stresses may be overestimated in the shallow part of the lithosphere. Nevertheless, we acknowledge that a more
realistic simulation of surface processes, including elasticity, would be necessary to focus on an accurate modeling of surface
deformation, which is beyond the scope of the present study.

Figure S15. Free-surface topography plotted along the box bottom (x axis), modeled for creep rheology D− dLT−HT in combination with
either a constant yield stress of 500 MPa (Simulation Ref-1, blue) or a depth-dependent yield stress (red), at (a) t = 1 Myr, (b) t = ttr (c) t =
tPB.
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Figure S16. Shallow stresses at 5 km depth displayed along the box top, modeled for creep rheology D− dLT−HT in combination with
either a constant yield stress of 500 MPa (Simulation Ref-1, blue) or a depth- dependent yield stress (red), at (a) t = 1 Myr, (b) t = ttr (c) t =
tPB.

S5.3 Estimate of heat dissipation rate within the creeping lithosphere

We do not include shear heating in our experiments. In order to evaluate its possible effect, we estimate a posteriori the195
heat dissipation rate, Q= 2 ·σII · ε̇II , which is predicted to be released mainly in the lithosphere at domain center where
deformation is the highest. For Simulation ref-1 (D− dLT−HT −Y500MPa including low- to high-temperature dislocation
creep), we predict a temporal narrowing of the region where this shear heating would be the highest, along with the focusing ot
he central deformed zone. Heat dissipation rates larger than 10−6 W m−3 are reached at ttr for a large zone, and then localized
at the plate boundary at tPB (Fig. S17). At time ttr, heat dissipation rate greater than 10−6 W m−3 expands in a ∼15 km200
thick layer just underneath the yield-creep transition. If the shallow part of the lithosphere undergoing yield stresses cannot be
weakened by a temperature increase due to heat dissipation, one may however assume that shear heating could (moderately)
lower the creep viscosity through temperature increase, hence rising the transition between yield and creep deformation and
expanding the lithosphere domain able to weakn thermally.
Shear heating at time ttr is predicted to b low if only diffusion creep is implemented as creep rheology, located only in the205
yielding region, and close to zero in the creeping lithosphere (Fig. S18-c). If HT-dislocation creep is considered, the creeping
lithospheric layer where thermal weakening is likely to be enhanced by shear heating is estimated to be very thin (≲4 km thick,
Fig. S18-b).
Finally, we estimate the shear heating amount at time ttr for variable extension rates (Fig. S19). Increasing the spreading
velocity increases both the area where heat dissipation rate is predicted to be significant, and also its maximum value. In210
particular, the higher the extension velocity, the deeper the shear heating likely to be dissipated (Fig. S19-c).
In subduction modeling, heat dissipation Q> 10−5 W m−3 is associated to a temperature increase slightly greater than 50 ◦C
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(e.g. Arcay et al., 2023), in experiments accounting for high-temperature dislocation creep power laws for the creeping mantle.
Kiss et al. (2020) observed a greater resulting temperature increase in the shear zone (∆T > 50 °C) when including low-
temperature plasticity. The theoretical heat dissipation rate calculated for our simulations is lower by one order of magnitude.215
We thus estimate that the resulting temperature increase ∆T will probably be less than 50 K, which would emphasize thermal
weakening in the creeping lithosphere, but only mildly. This effect is likely to be the strongest if a low- to high-temperature
dislocation creep is simulated, since the low-temperature dislocation creep regime leads to thicker creeping lithosphere, the
latter featuring a temperature-dependent viscosity. As a result, shear heating could amplify the weakening feedbacks identified
in this paper (see Discussion 5.2 in the main text).

Figure S17. A posteriori calculations of the heat dissipation rate in Simulation ref-1 (D− dLT−HT −Y500MPa), at different times: (a) 1
Myr, (b) ttr, (c) tPB. The 900 and 1500 K isotherms are displayed as red lines. The dashed dark blue lines delimit the dominant deformation
mechanism. The violet contour highlights the region where the heat dissipation rate exceeds 10−6 W m−3. The displayed area corresponds
to the x-range from 400 to 800 km and to depths encompassed between the surface and 80 km depth.
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Figure S18. A posteriori calculation of the heat dissipation rate at ttr for simulations with three different mantle rheologies: (a) D−
dLT−HT −Y500MPa , (b) D− dHT −Y500MPa, (c) D−Y500MPa. The 900 and 1500 K isotherms are displayed as red lines. The dashed
dark blue lines delimit the dominant deformation mechanism. The violet contour highlights the region where the heat dissipation rate exceeds
10−6 W m−3. The displayed area corresponds to the x-range from 400 to 800 km and to depths encompassed between the surface and 80
km depth.
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Figure S19. A posteriori calculations of the heat dissipation rate at time ttr of simulations performed with rheology D−dLT−HT−Y500MPa,
for different extension rates v1/2 (close-up on the area delimited in x rom 400 to 800 km and in z from 0 to 80 km): (a) 0.5 cm yr−1 , (b) 1
cm yr−1 (ref-1), (c) 2 cm yr−1. The 900 and 1500 K isotherms are displayed as red lines. The dashed dark blue lines delimit the dominant
deformation mechanism. The violet contour highlights the region where the heat dissipation rate exceeds 10−6 W m−3.
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