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Abstract. Plate-like behavior in mantle convection mod-
els is commonly obtained using a strongly temperature-
dependent viscosity together with a low yield stress that caps
lithospheric strength. Yet, alternative mechanisms for limit-
ing strength, including low-temperature plasticity, have been
proposed. Here, we investigate how different rheological
formulations promote lithospheric-scale strain localization,
using 2-D thermo-mechanical simulations of upper mantle
extension. We test a suite of olivine flow laws (diffusion
creep and dislocation creep at low- and/or high-temperature),
with and without a yield-stress cap, and introduce diagnos-
tics that attribute plate weakening to either increasing strain
rate (mechanical weakening) or increasing temperature (ther-
mal weakening). Without a yield-stress cap, deformation re-
mains distributed in all cases, indicating that weakening of
the whole lithosphere is required for strain localization. In
such simulations, a new extensional plate boundary devel-
ops in two stages: progressive narrowing of the deform-
ing zone followed by rapid thinning of the weakened litho-
sphere. Across plate ages of 10-100 Myr, localization de-
pends weakly on age but strongly on divergence rate, pri-
marily through Stage-1 narrowing, and is controlled more
by the stiffest lithospheric region than by the presence of a
shallow weak layer. Including dislocation creep allows both
mechanical and thermal weakening to operate within the de-
forming plate, enhancing feedbacks and accelerating local-
ization relative to yield-stress plus diffusion creep. This im-
plies that yield-stress/diffusion-only rheologies may overes-
timate break-up timescales in whole-mantle convection mod-
els. Low-temperature dislocation creep weakens the plate at
800-1000K, providing a physically grounded mechanism
for limiting strength in this temperature range. Finally, we

propose that thermal weakening may in some cases promote
rapid strength loss and accelerated extension during the late
stages of natural rift evolution.

1 Introduction

The theory of plate tectonics describes the motion of rigid
lithospheric plates separated by narrow, weak boundaries
(e.g. Le Pichon, 1968). Observations from seismicity and
geodetic strain-rate fields show that most deformation is con-
centrated within these plate boundaries, while most plate in-
teriors deform only weakly (e.g. Kreemer et al., 2014). How-
ever, broad intraplate deformation zones also exist, for ex-
ample between the India and Australia plates (e.g. Iaffaldano
et al., 2018). In addition, plate reconstructions indicate that
the number, size, and organization of plates have changed
through geological time (e.g. Morra et al., 2013), imply-
ing that plate boundaries are created, reorganized, and aban-
doned. Such transient boundary formation is evident in in-
cipient continental rifts (Miiller et al., 2019), back-arc basins
(Sdrolias and Miiller, 2006), or subduction initiation settings
(Lallemand and Arcay, 2021). New plate boundaries may de-
velop by reactivating inherited weak zones (e.g. Foley and
Bercovici, 2014; Heron et al., 2016; Mazzotti and Gueydan,
2018; Chen et al., 2020; Zhou et al., 2020; Fuchs and Becker,
2022; Brune et al., 2023; Gerya, 2024) or by localizing ini-
tially distributed deformation into a narrow shear zone (e.g.
Lamb and Watts, 2010; Schmalholz et al., 2014; Asti et al.,
2022; Whitney et al., 2023; Zwaan et al., 2024). Understand-
ing when and how distributed deformation localizes remains
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central to explaining the dynamics of plate creation and the
emergence of plate-like behavior in mantle convection.

A key difficulty is that the lithospheric mantle is ex-
pected to be strong in the creeping domain under low-
temperature conditions. For olivine, the dominant mineral in
the lithospheric mantle, high-temperature power-law dislo-
cation creep predicts large flow stresses in the cold litho-
sphere (often exceeding hundreds MPa) (Kohlstedt et al.,
1995; Karato, 2008; Burov, 2011). By contrast, estimates of
available tectonic driving forces, of order 2 to 50 TN m1,
suggest that plate interiors do not deform at deviatoric
stresses below 200 MPa unless additional weakening pro-
cesses operate (Parsons and Richter, 1980). Consistent with
this, strongly temperature-dependent non-Newtonian viscos-
ity alone is insufficient to promote lithospheric break-up
(Bercovici, 1993), and instead tends to produce stagnant-lid
convection (e.g. Solomatov and Moresi, 1997). Generating
plate-like behavior therefore requires mechanisms that both
reduce lithospheric strength and promote strain localization
(e.g. Solomatov, 2004; Mulyukova and Bercovici, 2019).

Many candidate weakening processes have been explored
at lithospheric scales, including shear heating (e.g. Yuen
and Schubert, 1979; Brun and Cobbold, 1980; Fleitout and
Froidevaux, 1980; Kaus and Podladchikov, 2006; Kiss et al.,
2019), viscous anisotropy (e.g. Tommasi et al., 2009; Mameri
et al., 2021; Duretz et al., 2025), strain softening or damage
formulations (e.g. Frederiksen and Braun, 2001; Gueydan
et al., 2014; Meyer et al., 2017; Tarayoun et al., 2019), and
grain-size reduction leading to diffusion creep and/or grain-
boundary sliding (e.g. Bercovici and Ricard, 2013; Gueydan
and Précigout, 2014; Dannberg et al., 2017; Schierjott et al.,
2020; Ruh et al., 2022). A widely used pragmatic approach
in mantle convection modeling is to combine temperature-
dependent creep with a yield-stress cap, which limits effec-
tive lithospheric strength and enables mobile-lid or plate-like
regimes (e.g. Moresi and Solomatov, 1998; Tackley, 1998;
Trompert and Hansen, 1998; Korenaga, 2010; Nakagawa
and Iwamori, 2017; Coltice et al., 2019). However, the re-
quired stress limits are typically lower than ~ 200-300 MPa
(e.g. Richards et al., 2001; Crameri and Tackley, 2014; Mal-
lard et al., 2016) and would correspond, assuming that yield
stress represents brittle deformation, to effective friction co-
efficients (< 0.2, e.g. Moresi and Solomatov, 1998; Crameri
et al., 2012; Nakagawa and Iwamori, 2017) substantially be-
low laboratory values (~ 0.6, e.g. Byerlee, 1978).

Low-temperature creep deformation has been proposed as
an alternative route to limiting lithospheric strength with-
out imposing an ad-hoc stress cap throughout the creep-
ing domain (e.g. Jain et al., 2017). Experiments show that
olivine can deform under high-stress, low-temperature condi-
tions following an exponential (Peierls-type) flow law (Evans
and Goetze, 1979; Frost and Ashby, 1982; Raterron et al.,
2004; Mei et al., 2010; Demouchy et al., 2013; Hansen et al.,
2019). Low-temperature dislocation creep has also been in-
voked to explain deformation of subducting slabs in the tran-
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sition zone (éfikové et al., 2002; Garel et al., 2014). More
recently, dislocation-dynamics models have provided a uni-
fied description of olivine dislocation creep that bridges clas-
sical high-temperature power-law creep and low-temperature
Peierls creep, suggesting a continuous mechanical behavior
across a wide range of temperatures and strain rates con-
trolled by the interplay of glide and climb (Gouriet et al.,
2019). This unified formulation has already been imple-
mented in geodynamical simulations to investigate feedbacks
that weaken the asthenosphere around sinking slabs (Garel
et al., 2020).

Here, we evaluate the capacity of a unified low- to high-
temperature (LT-HT) dislocation creep formulation (Gouriet
et al., 2019; Garel et al., 2020) to promote lithospheric-
scale strain localization in a controlled extensional setting.
We compare its dynamical behavior with that obtained us-
ing commonly employed mantle rheologies (diffusion creep
and/or high-temperature dislocation creep), with and without
a yield-stress cap. Strain localization in geodynamical mod-
els is usually quantified using geometric measures such as
“plateness” (Weinstein and Olson, 1992; Tackley, 2000) or
relative shear-zone width “localization potential” (Montési,
2013), while bulk plate strength can be inferred from the tec-
tonic force required to sustain imposed kinematics (Bialas
et al., 2010; Brune et al., 2012). Recent studies have also in-
troduced diagnostics of weakening to compare deformation
mechanisms in subduction settings (Patocka et al., 2024),
alongside theoretical analyses of weakening potentials (Mon-
tési and Zuber, 2002) or in simplified frameworks (Kaus
and Podladchikov, 2006; Schmalholz and Fletcher, 2011).
However, there remains a need for time-dependent diagnos-
tics that track not only whether viscosity decreases, but also
why it decreases as thermal and kinematic fields evolve self-
consistently.

To address this, we introduce diagnostics that partition
local viscosity change into contributions from increasing
strain rate (mechanical weakening) and increasing tempera-
ture (thermal weakening) during localization. We apply these
diagnostics to 2-D thermo-mechanical simulations of litho-
spheric extension across a range of initial plate ages and
imposed extension rates. In this framework, deformation fo-
cusing and plate thinning are coupled to asthenospheric up-
welling, enabling positive feedbacks that amplify strain rate
and/or temperature increase depending on the rheological
formulation. To isolate weakening processes within the litho-
spheric mantle, we model a single mantle material and in-
tentionally neglect crustal layering and associated litholog-
ical and rheological contrasts. This simplified configuration
is designed to clarify how low- to high-temperature disloca-
tion creep, relative to yield-stress and diffusion-only param-
eterizations, controls the efficiency, depth distribution, and
timescale of lithospheric-scale strain localization in the man-
tle.

In the remainder of the paper, we first describe the thermo-
mechanical extension set-up, the rheological formulations
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Table 1. Parameter names and values for the model set-up.

Parameter Symbol Value  Unit
Box length L 1200 km
Box height H 400 km
Surface temperature T 273 K
Mantle temperature Tm 1600 K
Material properties

Reference density I 3300 kg m—3

1x1076 m2s!
3x107° K-!

Thermal diffusivity K
Thermal expansivity o

tested, and the numerical implementation (Sect. 2). We then
introduce post-processing diagnostics that quantify strain
localization, plate thinning and bulk plate strength, and
that partition viscosity change into strain-rate-driven and
temperature-driven contributions (Sect. 3). We present re-
sults in four steps: (i) end-member deformation outcomes
in a reference configuration, (ii) a two-stage localization tra-
jectory and characteristic timescales in a representative lo-
calizing case, (iii) a comparison across rheological combina-
tions to identify which dependencies control localization ef-
ficiency and the depth/temperature range of weakening, and
(iv) sensitivity to initial plate age and imposed extension rate
(Sect. 4). Finally, we discuss the implications for lithospheric
weakening in natural rift systems, and for yield-stress-based
parameterizations commonly used in whole-mantle convec-
tion models, and summarize the main conclusions (Sects. 5
and 6).

2 Methods: thermo-mechanical model
2.1 Extension Set-Up

We construct a 2-D thermo-mechanical model of upper-
mantle extension in which lithospheric strength (viscosity)
depends on both strain rate and temperature. The model do-
main is a 1200 km wide by 400 km deep rectangle composed
entirely of mantle material (Table 1). This mantle-only con-
figuration is designed to isolate strain localization within the
lithospheric mantle and to facilitate comparison with large-
scale plate-like convection models, which commonly neglect
crustal structure and employ simplified rheologies.
Accordingly, we do not model crust-mantle interactions or
full continental rift mechanics. This is a deliberate simplifica-
tion, as crustal layering can reduce bulk lithospheric strength
and introduce rheological contrasts that enhance localization
in the mantle through crust-mantle mechanical coupling (e.g.
Allemand and Brun, 1991; Burov and Watts, 2006; Rosen-
baum et al., 2010). In many numerical rift models, strong
coupling across rheological discontinuities favors a “narrow-
rift” style of deformation (e.g. Huismans and Beaumont,
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2005; Gueydan et al., 2008; Chenin et al., 2018; Duclaux
et al., 2020; Zwaan et al., 2021; Wang et al., 2023). In our
set-up, localization is instead controlled by mantle rheology
and by the imposed yield-stress parameterization (Sect. 2.2),
allowing us to isolate how these ingredients influence the on-
set and evolution of localized extension.

The initial thermal structure is prescribed using the half-
space cooling model for a laterally uniform plate age. Ther-
mal boundary conditions are fixed temperatures of T, =
273 K at the surface and T, = 1600 K at the base, with ther-
mally insulating vertical sides (Fig. 1). The initial deforma-
tion state is derived from a purely horizontal velocity field,
producing a nearly uniform initial strain rate in the plate
(¢, =3.73 x 1071571 for vy, = L emyr~!, Fig. 2).

Extension is imposed through symmetric, depth-
dependent horizontal outflow velocities on the side
boundaries (Fig. 1). The vertical profile vy(z) is obtained
from a 1-D Couette solution with surface velocity vy/2
and zero velocity at the base, calculated using the depth-
and temperature-dependent diffusion-creep viscosity of a
50 Myr-old plate (detailed in the Supplement, Sect. S2.1).
This corresponds to an effective constant-velocity plate
89 km thick, defined as the depth above which horizontal
velocity differs by less than 1% from vy, (Garel and Tho-
raval, 2021). Additional tests with alternative side-boundary
velocity profiles produce no significant change in the results
(detailed in the Supplement, Sect. S2.3). The upper boundary
is treated as a free-surface (Kramer et al., 2012). At the base,
no-slip and closed condition (vy = v, =0) are imposed
on the lateral segments, while vertical inflow with v, =0
is allowed across a 600 km-wide central segment (see the
Supplement, Sect. S2.2). This promotes localization at the
domain center (see Fig. S3 in the Supplement, Sect. S2.3),
while allowing basal inflow to adjust dynamically to the
imposed lateral outflow (see Fig. S7 in the Supplement,
Sect. S2.4) and evolving surface deformation.

We first analyze different rheological parameterizations in
a reference configuration with vy =1cm yr~! and an ini-
tial plate age of 50 Myr (Sect. 4.1, 4.2 and 4.3). We then
explore the influence of initial plate age (10100 Myr) and
half-extension rate (0.2-5 cm yr~!) on localization behaviour
(Sect. 4.4).

2.2 Rheological parameterization
2.2.1 Mechanisms of mantle deformation

Viscous deformation is represented by combinations of (i)
olivine creep flow laws and (ii) a stress-limited viscosity
(“yield stress”). The creep laws include diffusion creep and
dislocation creep, based on experimental and numerical con-
straints on olivine deformation (e.g. Hirth and Kohlstedt,
1995a, b; Gouriet et al., 2019). We assume that multiple
creep mechanisms may operate simultaneously (Sect. 2.2.2).

Solid Earth, 17, 947-977, 2026
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Figure 1. Simulation set-up in the 400 x 1200 km 2-D domain. Mechanical boundary conditions (in blue) are a free-surface top, and depth-
dependent horizontal flow on the vertical sides, where vy, is the plate half extension rate. The bottom boundary is no-slip and closed
(v; = vy =0), except over a 600 km-wide open segment between x = 300 and 900 km where purely vertical flow is allowed (vy = 0).
Thermal boundary conditions (in red) are constant temperatures at top (273 K) and bottom (1600 K), and insulating vertical boundaries.
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Figure 2. Initial conditions showing (left) the temperature field calculated from the half-space cooling model (temperature profile 7' (z) for
a 50 Myr-old plate) and (right) the second invariant strain rate &, (here ~3.73 x 10710 5~1 for a half extension rate vijp=1cm yr_1 ). The
imposed initial velocity field is depicted by black arrows, with red lines indicating the 900 and 1500 K isotherms. This purely horizontal
velocity field (v; =0) is calculated by assuming at each depth a linear increase of the horizontal velocity along x from the domain center
(vx (x = 600km, z) = 0) to the domain sides, where a Couette velocity is imposed as a boundary condition (cf. vy (z) calculation for x =0

or 1200 km in the Supplement, Sect. S2.1).

A yield-stress formulation is included in some simula-
tions because such stress caps are widely used in geodynam-
ical models to reproduce mobile-lid or plate-like behavior
(e.g. Tackley, 2000; Mallard et al., 2016). Without this type
of stress limitation, strongly temperature-dependent viscous
rheologies typically produce stagnant-lid regimes (Soloma-
tov, 1995). In that context, yield stress is commonly inter-
preted as a first-order proxy for pseudo-brittle deformation.
Seismicity in oceanic lithosphere suggests that brittle failure
may extend to temperatures of 600 °C (900-1000 K) (e.g. En-
geln et al., 1986; Abercrombie and Ekstrom, 2001; McKen-
zie et al., 2005). We therefore test, in a subset of simulations,
cases in which yielding is restricted to temperatures below
900-950 K. This prevents yielding from operating through-
out the deeper creeping lithosphere while retaining a pseudo-
brittle response in the shallow plate.

Elasticity is neglected in all simulations. Because our fo-
cus is on long-timescale viscous localization and plate-scale
weakening, we expect this simplification to have limited in-
fluence on the localization trends examined here; we return
to this point in the Discussion (Sect. 5.4).

Solid Earth, 17, 947-977, 2026

2.2.2 Computation of mantle effective viscosity

Diffusion creep in olivine is represented by a temperature-
dependent Newtonian viscosity:
_ Eqgigt + P - Vaifr
if=ATk-e _— ), 1
ndiff diff XP( R-(T +0T) ) (1)

where Aqgjfr is the pre-exponential constant, corresponding to
a grain size of ~ 3 mm (Garel et al., 2020), Egs is the activa-
tion energy, Vyis is the activation volume, R the gas constant
(Table 2), P is the lithostatic pressure (pgz), T the tempera-
ture, and 87 is a temperature correction applied only to vis-
cosity calculations for diffusion (Eq. 1) and high-temperature
dislocation creep (Eq. 2), to mimic the effect of a 0.5 K km™!
adiabatic gradient within the incompressible approximation.
We compare dynamic and lithostatic pressures in the Supple-
ment (Sect. S3.1).

Dislocation creep is non-Newtonian and strain-rate-
dependent. We consider two alternative flow laws. First, we
use conventional high-temperature (HT) power-law disloca-
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Table 2. Variables used in the rheological laws investigated in this study (Sect. 2.2).

Parameter Symbol  Value Unit
Diffusion creep (Eq. 1)
pre-exponential constant A g 1x 1077 Pa~ g1
Activation energy Egisr 410 kI mol !
Activation volume Vdite 4.x 1070 m3 mol~!
HT dislocation creep (Eq. 2)
pre-exponential constant  Agig] 44 %107 Pa~" s~ !
Activation energy Eqig1 540 kJ mol !
Activation volume Vsl 6x 1076 m3 mol !
stress exponent n 3.5
LT-HT dislocation creep (Egs. 3-4)
Ag(T) 44 x108—526x10*T Pa
A(T)  211x107241.74x 1074T
Ay(T) —418+421x1072T —1.14x 107772

tion creep (Garel et al., 2020):

IR =) Egis1 + P - Vgis
NdiskHT = Ay - €giq " €EXP (H) 2
where Agig) is the pre-exponential constant, Egig is the ac-
tivation energy, Vg1 the activation volume, n the stress ex-
ponent and £g4i the second invariant of the strain-rate tensor
associated with the dislocation creep contribution. Second,
we use a unified low- to high-temperature (LT-HT) dislo-
cation creep law, derived from dislocation-dynamics models
(Gouriet et al., 2019) and calibrated against macroscale ef-
fective mantle-viscosity constraints (Garel et al., 2020):

Odisl-LT-HT
2+ &gisl
ogis-L-HT = Ao(T) (1 + tanh A1 (T) [log(2ais) — A2(T)]])  (4)

Ndisl-LT-HT = with 3)

where Ag, Ay, Az are polynomial functions of tempera-
ture (Table 2). This formulation converges to HT disloca-
tion creep (Eq. 2) at high temperature, and predicts similar
low stresses at lower temperature compared to other param-
eterizations (e.g. Mei et al., 2010; Demouchy et al., 2013;
Jain et al., 2017; Warren and Hansen, 2023) (Fig. S12 in the
Supplement, Sect. S3.3). When both diffusion and disloca-
tion creep are present in the rheological parameterization,
the bulk creep viscosity is computed assuming that the two
mechanisms act in parallel:

1 1 \!
Nereep = | — + 5)
Ndiff Ndisl
and that the second invariant of the total strain rate tensor
(ém) is partitioned between them:

ém = &dift + dist (6)
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assuming a single deviatoric stress o
0 = 2Mcreepéll = 2Nditrédiff = 27dis] Edis] (N

An iterative scheme is used to compute 74is from the disloca-
tion creep strain rate (detailed in the Supplement, Sect. S3.2)
rather than the total strain rate, thereby avoiding artificial
weakening. This allows us to quantify the fraction of to-
tal creep deformation accommodated by dislocation creep
(Eq. S13 in the Supplement).

The pseudo-brittle contribution is represented by a non-
Newtonian yield viscosity:

o

®)

Nyield = .
yie 2y

where o is a constant yield stress (200-500 MPa depending
on the simulation). The effective viscosity used in the mo-
mentum equation is then taken as the minimum of creep and
yield viscosities:

1 = min(Mereep, Nyield) - 9

Numerical stability is maintained by imposing viscosity cut-
offs of 10'® and 10%° Pas. At each point, we also identify
the dominant deformation mechanism: yielding versus creep,
and within creep, diffusion versus dislocation, based on the
creep mechanism contributing > 50 % of the total strain rate.

2.2.3 Strategy for investigating rheological control on
lithospheric extension

We investigate a suite of rheological combinations (Table 3):
— Diffusion creep only (D),
— Diffusion creep combined with either HT or a LT-HT

dislocation creep (D — dyt or D — dL.T-HT),

Solid Earth, 17, 947-977, 2026
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— Diffusion creep combined with a yield-stress rheology
(D — Y200/500 MPa),

— Diffusion creep, dislocation creep, and yield-stress
combined (D — dHuT or LT-HT — Y200/500 MP)-

The two constant yield stresses, 200 and 500 MPa, are cho-
sen to span the range between values commonly used to
generate plate-like behaviour in mantle convection models
(e.g. Mallard et al., 2016), and the upper stress range over
which the LT-HT dislocation creep formulation is calibrated
(Gouriet et al., 2019; Garel et al., 2020). In a subset of
simulations, yielding is restricted to the expected brittle do-

main (see Sect. 5.3), by allowing it only below 900 or 950 K

950 K 900K
(Y300 or 500 MPa ©F Y200 or 500 MPa)-

These rheological combinations differ in both their strain-
rate and temperature dependencies, and in the depth and
temperature at which deformation transitions from yield-
dominated to creep-dominated behaviour. They therefore
provide a controlled way to test how the depth distribu-
tion of weakening influences localization, asthenospheric up-
welling, and the timing of lithospheric break-up under con-
stant extension velocity.

2.3 Numerical methods

We solve the conservation equations of mass, momentum and
energy for an incompressible Stokes fluid under the Boussi-
nesq approximation using the finite-element, control-volume
code Fluidity (e.g., Davies et al., 2011). This framework has
been widely used in geodynamical applications and exten-
sively benchmarked against analytical and numerical refer-
ence solutions (e.g. Garel et al., 2014; Le Voci et al., 2014;
Kramer et al., 2021b; Duvernay et al., 2022). The equations
are discretized on an unstructured Eulerian mesh that is dy-
namically adapted throughout each simulation. Refinement
criteria are applied to temperature, velocity, strain-rate, and
viscosity, ensuring adequate resolution of lithospheric ther-
mal gradients, localization zones, and strong viscosity con-
trasts. Triangular element sizes range from 200-1000 m in
the finest regions to 50km in the coarsest regions, with the
highest resolution concentrated in the lithosphere and regions
of active deformation (Supplement, Sect. S1). A typical sim-
ulation contains approximately 50 000 nodes, although this
varies as simulations evolve.

3 Post-processing diagnostics

For post-processing, physical fields are interpolated from the
unstructured finite-element mesh onto a regular grid with
5 x 1km? spacing. This allows consistent calculation of spa-
tial averages and Eulerian time derivatives.

We define the lithosphere as the region colder than 1500 K.
In this single-material model, that threshold provides a first-
order proxy for the lithosphere-asthenosphere transition,

Solid Earth, 17, 947-977, 2026

which is otherwise gradual in temperature, deformation and
velocity (Garel and Thoraval, 2021). We also pay particu-
lar attention to the deeper lithospheric interval between 800
and 1500 K, where the yield-creep transition and the major-
ity of the weakening occur. Some diagnostics are vertically-
averaged over the lithosphere and denoted (X)is500k(x,?),
using either an arithmetic or geometric mean depending on
the range spanned by X. To compare simulations with differ-
ent extension rates vi,2, we define a bulk extensional strain

e(t) = % where ¢ is time and L is the domain width. All
simulations are run to ~ 40 % bulk strain, corresponding to
~ 500 km cumulative horizontal extension.

3.1 Strain localization in the lithospheric mantle

We first quantify strain localization within the plate using the
strain-rate amplification Agr(x, z,t) relative to the initially
uniform strain rate in the plate &, (Fig. 2), and its geometric
mean over lithospheric thickness at each horizontal position.

To track lateral focusing through time, we define the
width of the deforming zone, w(t), as the region where
(Asr) 1500k (x,1) > 1. From this, we compute a narrowing
rate. We also quantify the lateral viscosity contrast within the
plate Ryisc(7), as the ratio between the maximum vertically-
averaged lithospheric viscosity along x and the minimum
value in the central weak zone:

max ((n) 1500k (%, 1))

Ryisc () = A
® min ((1) 1500k (*, 1))

(10)

Finally, we compute the plateness P(t) (Tackley, 2000;
Crameri, 2018). Details of the calculation are given in the
Supplement (Sect. S4.1).

3.2 Plate thinning, weakening, and bulk stiffness

To quantify lithospheric thinning, we define the plate thick-
ness hplae(?) as the minimum depth of the 1500 K isotherm
along x. Its time evolution is used to estimate an up-
welling rate. We track time-dependent weakening or hard-
ening through the logarithmic rate of change in effective vis-
cosity:

Wi(x,z,t) =

At
_alogl()(’?) ~ —Llogm(nH—Z) an
ot At Np_ ot

where At is chosen to be much smaller than the localiza-
tion timescale (typically 0.05-1Myr, depending on exten-
sion rate). Smaller values of At do not change the weakening
amplitude. Positive values of W indicate weakening whereas
negative values indicate hardening. We also compute the ver-
tically averaged weakening rate (W) 500k (x,?) using a geo-
metric mean. A 10-fold decrease in viscosity in 1 Myr corre-
sponds to a weakening rate W of about 3 x 10~14s~1,

As a bulk measure of lithospheric strength, we calculate
the tectonic force TF(¢) (in Nm™) required to maintain the

https://doi.org/10.5194/se-17-947-2026
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imposed extension velocity at the side boundaries (Bialas
et al., 2010; Brune et al., 2012):

TR() = H -\ (Sex — S22 + 52, (12)
with
| H
S = 77 [ oy (znaz (13)
0

where S;; is the stress tensor vertically averaged over the full
domain height H at x = 100 km, to minimize boundary ef-
fects (see the Supplement, Sect. S4.2).

3.3 Physical controls on plate weakening

To distinguish why viscosity decreases during localization,
we partition weakening into contributions associated with
temperature and strain-rate changes. This builds on the gen-
eral idea that localization potential can be related to the sen-
sitivity of viscosity to evolving state variables (Montési and
Zuber, 2002). At each point on the interpolated grid, viscos-
ity depends only on temperature and strain rate, so its time
derivative may be written as:

on(T,&)  dn T
ar 9T ot

an 0¢ (14)
a¢é ot

We approximate this decomposition over a finite time inter-
val At as:

An _ An An th
ar oAl A, M
An n(T(x.z,tJr%), é(X,Z,t))fﬂ(T<X.Z,lf%), s'(x,z,t))
At | = At (15)
An 17(T(x,z,r),é(x,z,t+%))fn(T(x,z,t), é(x,z,tf%))
Ay T At

The corresponding normalized contributions to weakening
are then

2n An

At |, At |p 1
Fr= An and Fsr = An (16)

At At

where Fr measures the contribution from temperature evo-
lution (“thermal” weakening) and Fsr, the contribution
from strain-rate evolution (“mechanical” weakening). We
use At ~ (.25 Myr for this partitioning. Smaller values intro-
duce short-period oscillations in Ft and Fsr without chang-
ing the broader trends. These diagnostics are evaluated only
where the material is undergoing weakening (W > 0). Mixed
cases can nevertheless arise, for example when mechanical
weakening due to strain-rate increase exceeds thermal hard-
ening due to plate cooling. In such cases, Fr may become
negative and Fsr may exceed 1 (as discussed in Sect. 4.4).
For plotting purposes, the colour scale for Fgr is capped be-
tween O and 1.
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4 Results

We present our results in four steps. First, we describe the
range of deformation patterns obtained for a reference plate
age (50Myr) and half-extension rate (viy2 = lcmyr’l),
from distributed deformation to localization into a narrow ex-
tensional boundary. Second, we use a representative localiz-
ing case to define characteristic times and a two-stage evolu-
tion of localization based on the co-evolution of deforming-
zone width and plate thickness. Third, we compare rheolog-
ical parameterizations to explain the differences in localiza-
tion efficiency and in the depth/temperature range over which
weakening occurs. Fourth, we explore sensitivity to initial
plate age and imposed extension rate.

4.1 Diffuse vs. localized deformation during
lithospheric extension

For an initially 50Myr-old plate extended at vy, =
1cmyr~!, the rheological parameterization produces three
distinct deformation outcomes by 40 % bulk strain (Table 3,
Figs. 3, Al).

First, Simulation ref-1 serves as a reference for the strain
localization scenario (Table 3, and Fig. 3b). Its rheology, la-
beled D —drrut — Ys500Mpa, accounts for diffusion creep,
low- and high-temperature dislocation creep (Eq. 3) and a
yield stress of 500 MPa (Eq. 8). This simulation shows a pro-
gressive narrowing of the deformed domain around the box
center, where most of the deformation is accommodated as
shown by the significant increase in the horizontal veloc-
ity gradient at the surface (Fig. 3b, 1-6 Myr). In a second
stage, significant asthenospheric upwelling develops beneath
the most stretched lithosphere portion, resulting in a bound-
ary separating two divergent plates that behaves as a hori-
zontal velocity discontinuity (Fig. 3b, 12 Myr). Hence, in lo-
calizing cases, a narrow extensional plate boundary devel-
ops at the domain center, separating two rigid plates (Sim-
ulation ref-1 in Fig. 3b). These runs exhibit high plateness
(P > 0.95), a large lateral viscosity contrast (Ryisc > 100),
and a deformed-zone width w < 100 km, while plate thick-
ness hplae approaches a quasi-steady value after localization.
The localized zone is underlain by focused asthenospheric
upwelling.

Second, the non-localizing simulation ref-0 (rtheology D —
dyr, Table 2 and Fig. 3a) exhibits a long-lasting and steady
plate deformation. This diffuse deformation mode corre-
sponds to a slow plate thinning (~0.05cmyr~!), arising
from the competition between thickening by diffusive cool-
ing and lithosphere extension. In such cases where deforma-
tion is always distributed, the plate deforms broadly and re-
mains laterally uniform, without any increase in the horizon-
tal velocity gradient at the surface (e.g., Simulation ref-0 in
Fig. 3a). These runs show low plateness (P < 0.3) and weak
lateral viscosity contrast (Ryjsc < 10). Strain-rate amplifica-
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Figure 3. Evolution of the strain rate field (second invariant) during two end-member simulations, shown after 1, 6 and 12 Myr of extension:
(a) Simulation D — dyrt (ref-0), with diffusion creep and high-temperature dislocation creep, Table 3 characterized by uniform and diffuse
lithospheric thinning; (b) simulation D —dy _qT — Y500 MPa (7ef-1), combining diffusion creep, low- and high-temperature dislocation creep,
and a yield-stress set to 500 MPa, which successfully localizes plate deformation. For each snapshot, the horizontal velocity at the surface is
plotted above. Velocity field is depicted by black arrows, and the 900 and 1500 K isotherms are indicated in red.

tion remains modest across the plate and deformation is ex-
pressed primarily as gradual, laterally uniform thinning.

Third, an intermediate regime occurs in which the defor-
mation localization is very slow (Appendix A). Strain be-
gins to focus but the area where deformation is enhanced
remains relatively wide at 40 % strain (incomplete localiza-
tion). These runs still exhibit narrowing of the deformed zone
and plate thinning, with w = 150 km at the end of the simu-
lations, comparable to the early-to-intermediate state of Sim-
ulation ref-1 (e.g., Fig. 3b at 6 Myr).

In the remainder of the Results, we use a representative lo-
calizing simulation (ref-1) to define a reference localization
trajectory and characteristic timescales, and then compare
rheological combinations and forcing parameters against that
trajectory.

4.2 A two-stage scenario of strain localization and
lithosphere weakening

We quantify the localization trajectory in Simulation ref-
1 using the co-evolution of deformed-zone width w, the
minimum plate thickness /pjae, and the weakening rate W
(Sect. 3). The deforming region (defined by (Asr)1500k > 1,
Sect. 3.1) progressively narrows toward the domain center
(Fig. 4a), while weakening intensifies within the lithosphere
beneath the developing boundary (Fig. 4b and d).

Solid Earth, 17, 947-977, 2026

The localization trajectory is well described by two stages
(Fig. 5a). Stage 1 is dominated by lateral focusing of defor-
mation: w decreases rapidly whereas hplae decreases only
modestly. Stage 2 is dominated by rapid plate thinning driven
by asthenospheric upwelling: Apjae decreases rapidly while
the narrowing of w slows down. Stages 1 and 2 are de-
tailed below. We define two characteristic times. The tran-
sition time fi marks a shift in trajectory in Appae(?) : w(t)
space (Appendix B); it coincides with the end of the approx-
imately steady tectonic force plateau TF (Fig. 5¢). The plate-
boundary time fpg marks the onset of a quasi-steady geom-
etry, when both /Ay and w become approximately station-
ary and the tectonic force has dropped to its post-localization
value (Fig. 5¢).

For Simulation ref-1, Stage 1 lasts 6.5 Myr and is charac-
terized by rapid narrowing (mean 14 cmyr~') with limited
thinning (100 to 82 km in Fig. 5a). During this stage, weak-
ening at the domain center is distributed through much of the
lithosphere thickness (Fig. 4d) and exceeds off-center weak-
ening (Fig. 4¢), producing a growing but moderate viscosity
contrast (Ryisc < 50; Fig. 5b). In the plate interior outside the
deforming zone, viscosity increases (hardening), particularly
toward the end of Stage 1 (Fig. 4b).

Stage 2 lasts 5.5 Myr (from 6.5 to 12 Myr) and is charac-
terized by rapid thinning (82 to 10km) and a sharp reduc-
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Figure 4. Localization of lithospheric deformation and weakening in Simulation D — di 7yt — Y500 Mmpa (ref-1, Table 3). (a) Time-distance
evolution of strain-rate amplification (Asr)1500K (X, ?), calculated as the vertically-averaged ratio relative to the initial uniform strain rate in
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the transition time, # and the plate boundary time, 7pg.
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Table 3. List of numerical simulations with a half-extension rate vy, of 1 cmyr™

E. Van Broeck et al.: Intraplate strain localization with LT-HT dislocation creep

1 and an initial plate age of 50 Myr. Reference simulations

for scenarios of distributed deformation “distr. def.” (ref-0) or localized plate-boundary “loc. PB” (ref-1) are shown in Fig. 3a and b, respec-
tively. The intermediate regime of incomplete localization “inc. loc.” is shown in Fig. D2c and f. The characteristic times of transition #; and

plate-boundary formation tpg are defined in Sect. 4.2.

Simulation name Rheological combination Outcomes
iff. creep isl. creep  yield stress nal state tr tPB Etr £PB
diff. disl ield final
(MPa) Myr)  Myr) (%) (%)
D D %] %] distr. def. - - - -
D — Y200 MPa D @ 200 loc. PB 9.0 193 150 322
D — Ys00MPa D @ 500 loc. PB 123 218 205 36.3
D — dyr (ref-0) D HT (%] distr. def. - - - -
D —dyt — Y200 MPa D HT 200 loc. PB 5.0 10.3 8.4 17.2
D — dyr — Y500 MPa D HT 500 loc. PB 65 115 109 19.2
D —diT_HT D LT-HT a distr. def. - - - -
D — di-i1 Y200 MPa D LT-HT 200 loc. PB 50 105 84 17.6
D —dyut — Ysoompa (ref-1) D LT-HT 500 loc. PB 6.5 11.8 109 19.6
D — Y3 0%e, D @ 200(for 7<950K) | distr. def. - - - -
D—Y K, D @ 500(tor 7<950K) | distr. def. - - - -
D —durYy0npa D HT 200(for 7<900K) | distr. def. - - - -
D —dyr — VoooKp, D HT 200(for 7<950%K) | inc. loc. - - - >40%
D —dyr — Yeoorso, D HT 500for 7<900K) | distr. def. - - - -
D — dur — Y§o0kip, D HT 500 for 7<950K) | loc. PB 125 190 208 31.7
D —dirutr — Yogoip, D LE-HT  200(or 7<950K) | loc. PB 50 105 84 17.6
D — durHr — Yoponipa D LE-HT  500(or 7<950K) | loc. PB 65 118 109 19.6
0 P tion in tectonic force, whereas narrowing is slower (mean
D-d,7 - pr-Y200 wpa E' : ?t 0 ~4cmyr~!; Fig. 5a). Weakening peaks shortly before tpg
20l E'ZLT-;T'YW“ wra(ref-1) %%k tg (Fig. 5b), while the lateral viscosity contrast continues to in-
£ - b d:;_YZ‘;‘; s crease and reaches its maximum near #pg (Fig. 5b). After 7pp,
4 500 MPa
= D-Y00 pa the system evolves toward a steady thermal structure around
§ 401 —— D-Yso0mea the mature boundary and the weakening rate in the narrow
8 { incomplete localization: 2’ - boundary region approaches zero (Fig. 4b).
g 60l D-dur-Y358 fipa S |
=) . 0 .
£ | distributed deformation: /& 4.3 Influence of rheological parameterization on
& — D-dyr(ref-0) localization scenario
S 80

100 ]
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Figure 6. Co-evolution of the minimum plate thickness Aipjate () as
a function of the width w(t) of the deformed zone (see Sect. 3.2)
for experiments with the same initial age (50 Myr) and extension
velocity vy =1cm yr_l for 8 different rheological combinations.
The transition time f#, between Stages 1 and 2 is indicated by a
circle symbol and the localization time 7pg by a star symbol. Open
and filled symbols correspond to rheologies with a yield stress set
to 200 and 500 MPa, respectively. The square represent the initial
time.
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Across all rheological combinations, simulations that local-
ize deformation follow the same two-stage trajectory defined
in Sect. 4.2 (Fig. 6). Stage 1 is dominated by progressive
narrowing of the deforming zone with only modest thinning,
whereas Stage 2 is dominated by rapid plate thinning associ-
ated with focused asthenospheric upwelling and only limited
additional narrowing (Fig. 7a-b). The major rheological con-
trol is therefore whether deformation localization occurs and
how quickly the system progresses through the two stages,
rather than the geometrical trajectory or the maximum weak-
ening rate (10~13 s~! for all simulations in Fig. 7f).

In simulations without a yield-stress cap, deformation re-
mains distributed regardless of whether diffusion creep is
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E. Van Broeck et al.: Intraplate strain localization with LT-HT dislocation creep 957
fast localization: slow localization: incomplete localization: ocet
D-di7- H1-Y200 MPa —— D-dur-Y339 Kpa D-du7-Y 350 Kpa tr
— D-dir—ur-Ysoo wpa(ref-1) D-¥200 ma distributed deformation: wk teg
D-drr-Y's00 Mpa —— D-Ys00 mpa —— D-dyr(ref-0)
(a) strain (%) (b) strain (%) (c) strain (%)
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
1200 0 . + 70 - -
£ = ~ : —~
< 10001 \ £ 20 L7 60
g < oo
S 8001 3 E
o) < 40 =
(9] n 9] 40
£ 6001 2 o
..g % 60 { 2 30
© 400 c 2
s @ 80 §20
£ 2007 2 E 10
L e 100 o ! e
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
time (Myr) time (Myr) time (Myr)
(d) strain (%) (e) strain (%) (f) strain (%)
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
1.0 R e T 104 =~
@ 510722
0.8 =
. / E 10° 5 S
0 S %
$ 0.6 8 ® ., 0-14
g 5102 E10
3z 2 3
o 3 ©
a04 a
) g 101 _?10‘15
—_ c
e <
[
0.2 2 o
. . r ~10° r r T T 210716 . . .
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
time (Myr) time (Myr) time (Myr)

Figure 7. Temporal evolution (and corresponding cumulative strain in %) of diagnostics for simulations with 8 different rheological combina-
tions, and the same initial plate age (50 Myr) and extension velocity (vj/2 =1 cm yrf1 )- (@) Width of deformed zone w, (b) /pjate, minimum
plate thickness along x, (c) tectonic force TF, (d) plateness P, (e) lateral viscosity contrast Ryjsc, and (f) maximum weakening rate Wax
over the whole lithosphere thickness (7" < 1500 K) at x = 600 km. In all panels, characteristic times are indicated by dots (#) and stars (pg).

combined with high-temperature dislocation creep or with
low- to high-temperature dislocation creep (e.g., Simulation
ref-0; Fig. 3a). Thus, in this lithospheric extension setup, dis-
location and diffusion creep alone are insufficient to generate
lithospheric-scale localization; additional weakening of the
cold upper lithosphere (here provided by a yield-stress cap)
is required.

Among simulations that do localize strain, the character-
istic times vary substantially between rheologies (Table 3).
Localization takes about twice as long for diffusion creep
plus yield stress (e.g., D — Y2pompa and D — Ys5pompa) and
for cases in which yielding is restricted to temperatures be-
low 950K (e.g., D —dur —Y. 593(?§4<Pa)’ than for rheologies that
combine diffusion creep, dislocation creep, and yield stress
(e.g., D —dut — Y200/500 MPa and D — dir-HT — Y200/500 MPa;
Fig. 7a-b). Consistently, the tectonic force required to main-
tain the imposed extension velocity during Stage 1 is the
largest for D — Ys5oompa (Fig. 7c), indicating a stronger de-
forming zone at the plate center, as also suggested by the low
lateral viscosity contrast Ryisc (Fig. 7e).

We interpret these differences using the weakening-
partition diagnostics (Sect. 3.3), which quantify the rela-
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tive contributions of strain-rate increase (Fsr) and temper-
ature increase (Fr) to viscosity reduction (Fig. 8). In all
simulations, the shallow lithosphere is yield-dominated and
weakening is purely strain-rate driven there (Fsg = 1). Dif-
ferences emerge in the deeper lithosphere, where defor-
mation transitions to creep and where maximum weaken-
ing occurs. The temperature of the yield-to-creep transi-
tion depends strongly on the creep rheology: it is highest
for diffusion creep alone (about 1300K in D — Y500 Mpa)s
lower when high-temperature dislocation creep is included
(about 1000K in D — dyt — Y500 MPa), and the lowest when
low- to high-temperature dislocation creep is included (about
800K in D —drrut — Y500Mmpa; Fig. 8). These shifts im-
ply that a thicker portion of the lithosphere deforms in the
creep regime when dislocation creep is included, extending
thermo-mechanical weakening to lower temperatures.

The weakening-partition diagnostics further show that
dislocation creep enables both mechanical and thermal
weakening within the creeping lithosphere. In rheologies
that include dislocation creep, weakening is predominantly
strain-rate driven during Stage 1 (typically Fsr > 60 % in
the main weakening zone), while weakening becomes al-
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Figure 8. Depth-time evolution of the relative contributions to weakening from strain rate (Fsr) and temperature (F1), computed at box
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and isotherms from 800 to 1500 K are displayed in light blue.

most purely temperature-driven during Stage 2 (typically
Fr > 0.9; Fig. 8a, b). In contrast, for diffusion creep plus
yield stress, weakening in the creeping domain is entirely
temperature-driven (Ft > 1; Fig. 8c), limiting mechanical
weakening during Stage 1 and delaying the onset of rapid
thinning.

This interpretation is illustrated by Fig. 9, which shows
theoretical viscosity profiles for two idealized end-member
evolutions: a 10-fold increase in strain rate at constant plate
age, used as a proxy for Stage 1, and plate thinning at con-
stant strain rate, used as a proxy for Stage 2. For a given
creep law, the effect of a Stage-1-type strain-rate increase
can be estimated from the viscosity contrast between the
yield-creep transition and the warm sub-lithospheric layer at
about 75 km depth (Fig. 9b). By this measure, the mechanical
weakening associated with LT-HT dislocation creep (6-fold)
is intermediate between that associated with HT dislocation
creep (5-fold) and that associated with the yield-stress-plus-
diffusion-creep rheology (10 or 1-fold). However, the 10-fold
strain rate increase during Stage 1 produces the lowest abso-
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lute viscosities below the yield-creep transition. The same
approach can be used to estimate the amplitude of Stage-2-
type thermal weakening from the viscosity change accompa-
nying lithospheric thinning and warming (Fig. 9d). Although
the viscosity reduction associated with lithospheric warming
is largest for diffusion creep (> 100) and smallest for LT-
HT dislocation creep (< 40), the absolute viscosity reached
after a given amount of warming and thermal rejuvenation
remains lower when dislocation creep is included (Fig. 9¢).
Finally, in a subset of simulations, yielding is restricted to
low temperature to disable pseudo-brittle mechanism above
950K, leaving only creep mechanisms at higher tempera-
tures (Sect. 2.2.1). This produces a marked delay even when
dislocation creep is present (compare D — dyrt — Ys0ompa
and D —dyr —Y. g(fgl\lflpa; Table 3). Vertical profiles for the
D —dyt — Y?ggMPa case show that imposing a thermal cut-
off on the yield rheology creates a stiff layer less than 4 km
thick at the base of the shallow yielding domain, between the
colder lithosphere above and the warmer creeping mantle be-
low (Appendix C). Although thin, this layer remains mechan-
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ratio illustrating (a—b) the effect of a 10-fold increase in strain rate
with constant plate age of 50 Myr (proxy of Stage 1 evolution if
temperature increase is neglected), and (c—d) the effect of thermal-
structure variations associated with decreasing plate age from 40 to
10Myr at a constant strain rate of 3 x 1071551 (proxy of plate
thinning in Stage 2 assuming no mechanical contribution). Profiles
are computed for 4 rheologies, with vertical black lines in panels (a)
and (c) indicating yield viscosities corresponding to 200 or 500 MPa
(Eq. 8).

ically important because it forms a local viscosity peak that
slows the overall decrease in viscosity throughout the whole
lithosphere, which in turns delays deformation focusing. This
highlights the importance of capping the lithosphere strength
in the creep domain within the mid-lithosphere temperature
range (roughly 800—1300 K in these setups): even a thin stiff
layer at these depths (Fig. 9) is sufficient to impede Stage 1
narrowing and to delay both #;, and tpg (Figs. 6, 7; Table 3).
This explains why lowering the yielding cutoff to 900 K in-
hibits localization within the simulated strain window (Ta-

https://doi.org/10.5194/se-17-947-2026

ble 3). Additional resolution tests show that, despite its strik-
ing sharpness, the presence of this high-stiffness layer is well
resolved, and is thus a robust result (Sect. S1 in the Supple-
ment).

4.4 Influence of initial plate age and imposed extension
rate

We test the robustness of the two-stage localization pathway
and its sensitivity to: (i) the initial thermo-mechanical state
of the lithospheric mantle and (ii) the magnitude of far-field
forcing. We vary initial plate age (from 10 to 100 Myr), and
the imposed half-extension rate (from 0.2 to 5cm yr’1 ). We
focus on two rheological combinations that exhibit markedly
different rates of strain localization in the reference setup
(Fig. 7): diffusion creep plus yield stress (D — Ys0oMPa),
and diffusion creep plus low-to-high-temperature dislocation
creep plus yield stress (D — drrut — Ys00mpa) (Table 4).

Across most age-velocity combinations, the localization
trajectory remains fundamentally characterized by a two-
stage scenario: Stage 1 is characterized by progressive nar-
rowing of the deforming zone, while plate thickness changes
only modestly; Stage 2 is characterized by rapid plate thin-
ning associated with asthenospheric upwelling, with compar-
atively minor additional narrowing (Appendix D). The basic
control on characteristic times is the extension rate, whereas
initial plate age exerts only a weak influence (Fig. 10a, b).
This set of experiments further underlines that dislocation
creep accelerates deformation localization relative to diffu-
sion creep plus yield stress. For a given extension rate, the
dislocation-creep rheology produces lower effective viscos-
ity in the central deforming zone (typically by a factor of
5 to 10 at #;), which increases the lateral viscosity contrast
between the weak zone and the plate interior and reduces
the tectonic force required to maintain the imposed velocity
(Fig. 10e, g). This enhanced strength contrast is expressed
primarily through Stage 1: for all tested ages and veloci-
ties, the Stage 1 duration (measured by strain at #;) is shorter
when using dislocation creep, while the differences in Stage
2 timing are smaller and diminish further as extension rate
increases.

Extension rate strongly modulates Stage 1 duration. Faster
extension increases strain rate within the deforming zone,
lowering effective viscosity via both yielding and (where ac-
tive) dislocation creep, thereby increasing the narrowing rate
(Fig. 10c, e). As a result, the total strain required to reach
the transition from Stage 1 to Stage 2 decreases systemati-
cally with extension rate for both rheologies (Fig. 10a). In
contrast, the Stage 2 duration is comparatively insensitive to
extension rate for vy, 2 1cm yr~! (Fig. 10b), even though
upwelling rates increase with extension rate (Fig. 10d). The
maximum lateral viscosity contrast increases with extension
rate up to ~2cmyr~! and then saturates (Fig. 10f), suggest-
ing that once a sufficiently weak plate boundary is formed, it
cannot weaken much further at higher extension rates.
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Table 4. List of simulations investigating different lithospheric ages at spreading onset and half-spreading rates vy . Three rheological
combinations are tested (first column). The last two columns list the average strain obtained at the characteristic times of transition
and plate-boundary tpg, respectively (Sect. 3). The initial strain rate in the plate (&) is spatially uniform and equal to: 7.47 x 10717,
1.87 x 10716,3.73 x 10710, 7.47 x 10716 and 1.87 x 10715 s~! respectively for vy =0.2,0.5, 1,2 and Semyr—!.

Set-up parameterization ‘ Outcomes
rheology vy initial age | final state tir tpg e(ty) e(tpB)
(emyr™h) (Myr) My Myn) (%) (%)
0.2 50 | inc. loc. - - - >40%
0.2 100 | inc. loc - - - >40%
0.5 50 | loc. PB 27.5 46.0 229 38.4
1 10 | loc.PB 13.8 21.3  23.0 355
1 30 | loc. PB 12.5 220 209 36.7
D — Y500 MPa 1 50 | loc.PB 12.3 21.8  20.5 36.3
1 100 | loc. PB 12.3 20.5 205 34.2
2 50 | loc. PB 4.8 9.5 15.8 31.7
5 10 | loc. PB 1.9 35 15.5 29.2
5 50 | loc.PB 1.4 37 117 30.9
5 100 | loc. PB 1.4 36 113 29.7
0.2 10 | loc. PB 46.1 96.1 15.4 32.1
0.2 50 | loc.PB 441 95.0 147 31.7
0.2 100 | loc. PB 45.0 99.0 15.0 33.0
0.5 50 | loc.PB 14.0 26.0 11.7 21.7
1 10 | loc.PB 5.8 9.5 9.6 15.9
D — dirsit — Y500 Mpa 1 30 | loc.PB 6.3 10.5 104 17.5
1 50 | loc. PB 6.5 11.8 109 19.6
1 100 | loc. PB 6.8 12.8 113 21.3
2 50 | loc.PB 2.8 50 10.0 16.7
5 10 | loc. PB 1.1 1.7 9.2 13.8
5 50 | loc.PB 1.2 2.0 9.6 16.3
5 100 | loc. PB 1.2 22 10.0 18.3
0.2 10 | distr. def - - - -
0.2 100 | distr. def - - - -
D —dyr 1 50 | distr. def - - - -
5 10 | distr. def - - - -
5 100 | distr. def - - - -

Only the slowest forcing conditions fail to localize within
the simulated strain window, and this occurs exclusively
for the diffusion-plus-yield rheology. For old plates (50—
100 Myr) extended at vy =0.2cm yr~!, localization re-
mains incomplete by 40 % strain (Table 4). In these cases,
thermal diffusion can outweigh extensional thinning during
early deformation, leading to net lithosphere thickening and
delayed weakening (Appendix D; Figs. D1 and D2). Even in
cases that eventually localize at low velocities or for initially
young plates, the resulting plate boundary remains relatively
wide and thick, and the maximum viscosity contrast remains
modest (Ryisc < 200 at tpg; Fig. 10f), indicating a weaker de-
gree of focusing than in faster-extension cases.

The weakening-partition diagnostics clarify how forcing
modulates feedbacks. At low extension rates (and in some
young-plate cases, early in Stage 1), thermal hardening as-
sociated with cooling competes with mechanical weaken-
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ing, such that net weakening in the creeping lithosphere
is dominated by strain-rate effects (note that Fsr can ex-
ceed 1 where temperature decreases while strain rate in-
creases, Sect. 3.3). For the dislocation-creep rheology, this
strain-rate-driven weakening extends to higher temperatures
within the creeping lithosphere (up to ~ 1300 K), supporting
continued narrowing despite thermal hardening. By contrast,
for diffusion creep plus yield stress, weakening below the
yielding layer remains predominantly thermal; when cool-
ing dominates early, the system remains in a thick yielding-
dominated configuration that inhibits rapid focusing, con-
tributing to incomplete localization under the slowest forc-
ing.
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Figure 10. Diagnostics as a function of half-extension velocity vy, for two different rheologies, D — Y509 mpa (red) and D —dppHT —
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5 Discussion

Taken together, our results show that lithospheric-scale strain
localization in this extensional setting is not controlled solely
by the integrated strength of the plate. It also depends on
where weakening develops within the lithosphere and on
how rheology promotes deformation focusing. Indeed, rheol-
ogy modulates the positive feedbacks linking strain narrow-
ing, lithosphere thinning and asthenosphere upwelling, lead-
ing to further weakening and an increase in lateral viscos-
ity contrasts, thereby driving the dynamics of plate bound-
ary formation. Three main conclusions emerge. First, sim-
ulations showing deformation localization follow a robust
two-stage evolution, with progressive narrowing followed by
rapid plate thinning. Second, dislocation creep accelerates lo-
calization by extending thermo-mechanical weakening into a
broader portion of the creeping lithosphere. Third, even a thin
stiff layer in the mid-lithosphere can markedly delay plate-
boundary formation, implying that simplified weak-plate pa-
rameterizations may miss an important control on localiza-
tion efficiency. In the following, we discuss these points in
turn and consider their implications for natural rifting and
for large-scale geodynamical models.

5.1 A two-stage pathway to plate-boundary formation

A robust result of this study is that all simulations that suc-
cessfully localize strain follow the same two-stage pathway
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to plate-boundary formation, irrespective of the rheological
parameterization (Fig. 6). In Stage 1, deformation mainly fo-
cuses laterally: the width of the deforming zone decreases
rapidly, whereas plate thickness changes only modestly. In
Stage 2, the localization pattern shifts to rapid plate thin-
ning driven by focused asthenospheric upwelling, while ad-
ditional narrowing becomes limited. The transition between
these two stages therefore marks the point at which a progres-
sively focused deforming region evolves into a rapidly thin-
ning lithosphere, at the end of which a mature plate boundary
is achieved.

This two-stage behavior provides a simple physical frame-
work for interpreting the localization process. Stage 1 is
primarily a focusing problem, in which viscosity reduction
within the deforming zone, allowed by non-Newtonian rhe-
ology, progressively increases the contrast with the surround-
ing plate interior. Stage 2 is primarily a thinning process,
in which upwelling and heating beneath the localized zone
further reduce temperature-dependent viscosity and acceler-
ate lithospheric thinning. In that sense, the transition time
t represents a dynamical tipping point: beyond it, ther-
mal weakening associated with asthenospheric upwelling be-
comes dominant and plate-boundary development proceeds
rapidly.

A broadly comparable two-stage evolution has been in-
ferred for some natural rift systems: the Atlantic and
Australia-Antarctica rifts have probably undergone an early
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stage of deformation, at (total) extension rates slower than
1ecmyr~!, lasting ~ 25-50 Myr, followed by an abrupt ac-
celeration of extension over only 2—-10 Myr (Brune et al.,
2016). This acceleration is interpreted as the consequence of
“the rapid decrease of rift strength” in constant-force rifting
models (Brune et al., 2016), and of “a positive feedback loop
between extension velocity and rift strength loss” in whole-
mantle convection models (Ulvrova et al., 2019). Our mod-
els do not reproduce such settings directly, particularly be-
cause extension is imposed kinematically rather than through
a self-consistent far-field force balance.

We performed additional simulations with either an abrupt
or a linear temporal increase of extension velocity imposed
at side boundaries (Supplement, Sect. S5.1), in which the
tectonic force TF remains quasi-constant during Stage 1 be-
fore abruptly dropping during Stage 2. As in the constant-
extension velocity models, Stage-1 narrowing is dominated
by mechanical weakening, while Stage 2 is associated with
thermal weakening with rapid TF decrease and fast plate
thinning (Figs. 7, 8). We speculate that imposing forces or
stresses at side boundaries, instead of imposing velocities,
would result in a decrease in plate strength at time #;, and an
increase in extension velocity, as predicted by rifting models
and reconstructed in the natural rifting cases (Brune et al.,
2016). Thus, we propose that rifting acceleration in nature
may correspond to a geodynamic tipping point with ther-
mal weakening of the lithospheric mantle enhancing plate
strength drop, thus further promoting plate extension.

5.2 Importance of enabling thermo-mechanical
weakening through dislocation creep

The clearest rheological result of this study is that simula-
tions including dislocation creep localize deformation sub-
stantially faster than those with yield stress plus diffusion
creep alone (Table 3; Fig. 7a, b). This difference does not
arise simply because the plate is weaker in some bulk sense.
Rather, dislocation creep changes where and how weakening
operates within the lithosphere and enhances the feedbacks
leading to deformation localization: faster narrowing or thin-
ning increases mechanical or thermal weakening, causing the
decrease in viscosity at the domain center (associated with
efficient focusing of deformation in Stage 1 and with rapid
central upwelling in Stage 2), thereby increasing the lateral
viscosity contrast, which in turn further enhances narrowing
or thinning, and so on.

When dislocation creep is included, the transition from
yield-dominated to creep-dominated deformation occurs at
lower temperatures, so a larger fraction of the lithosphere
participates in creep deformation (Fig. 8). In practice, this ex-
tends weakening into colder parts of the deforming plate, par-
ticularly through the approximate 800—-1300 K interval. As a
result, dislocation creep broadens the part of the lithosphere
that can respond dynamically to both increasing strain rate
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and increasing temperature, thereby enabling positive feed-
backs over a thicker region.

The weakening-partition diagnostics show that this has
two important consequences. First, during Stage 1, dislo-
cation creep allows significant strain-rate-driven weakening
within the creeping lithosphere, which promotes faster nar-
rowing of the deforming zone. Second, during Stage 2, it per-
mits stronger temperature-driven weakening over a thicker
part of the lithosphere, which accelerates plate thinning once
focused asthenospheric upwelling is established. In contrast,
in diffusion-creep-plus-yield-stress simulations, weakening
below the shallow yielding layer is almost entirely thermal,
limiting mechanical weakening during Stage 1 and delaying
the onset of rapid thinning (Fig. 8).

This difference is also consistent with the analysis of the
theoretical viscosity profiles shown in Fig. 9 (Sect. 4.3). Rel-
ative to diffusion creep plus yield stress, rheologies includ-
ing dislocation creep produce the lowest viscosity associ-
ated with both mechanical weakening during a Stage 1-type
strain-rate increase and stronger thermal weakening during
a Stage 2-type thinning trajectory. In addition, dislocation
creep extends both effects to lower temperatures and shal-
lower depths. The main consequence is therefore not simply
a lower viscosity, but a stronger coupling between deforma-
tion focusing, asthenospheric upwelling, and further weak-
ening.

Our results further suggest that, if deformation is driven
by far-field kinematics, as in our modeling conditions, over-
all lithospheric strength exerts only a second-order control on
localization efficiency. For example, Simulation D — Y200 mpa
localizes more slowly than simulations D —drr—pgTt — Y500 MPa
and D — dyt — Y500 MPa» €ven though the former has a lower
tectonic force during Stage 1 (Fig. 7c¢). Extra simulations
are performed with depth-dependent yield stress, keeping the
peak strength of 500 MPa at the same depth as in the constant
oy simulations (Appendix E). These complementary simu-
lations exhibit comparable localization characteristic times
despite the lower strength at the plate surface, which sup-
ports the previous conclusion: reducing near-surface strength
does not substantially change localization times if a deeper
mechanically important layer remains. Localization is there-
fore not controlled solely by average plate weakness, but by
rheology-dependent feedbacks and by the depth distribution
of strength within the lithosphere. Nevertheless, we acknowl-
edge that the situation would be different if lithospheric de-
formation were instead driven by far-field constant stresses
or forces, especially in case of a low to moderate tectonic
rate. In such a setting, imposing a yield stress of 500 MPa in-
stead of 200 MPa might significantly modify the evolution of
lithospheric spreading.

The aforementioned feedbacks between the temperature
and strain rate fields enabled by the activation of disloca-
tion creep are modeled in our experiments while shear heat-
ing is not included. Shear heating has been proposed to en-
hance shear localization by thermal runaway (e.g. Fleitout
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and Froidevaux, 1980; Kaus and Podladchikov, 2006; Thiel-
mann and Kaus, 2012; Kiss et al., 2019). Using a poste-
riori calculations, we estimate a maximum heat dissipation
rate for Simulation ref-1 (D — drr_ut — Y500 Mpa) larger than
~107*Wm™3 in a ~ 15km thick layer directly below the
yield-creep transition (Supplement, Sect. S5.3). Considering
that a heat dissipation rate of order 107> W m™> can lead to
a temperature increase close to ~50K (Kiss et al., 2020;
Arcay et al., 2023), we therefore expect that the tempera-
ture rise due to shear heating would remain lower than 50 K
in our simulations. Therefore, including shear heating could
foster thermal weakening in our experiments, further enhanc-
ing plate weakening and strain localization, but to a low-
to-moderate extent. This effect is predicted to be especially
emphasized when using (LT-)dislocation creep for which the
temperature-dependent creep layer is the thickest (Supple-
ment, Sect. S5.3).

Taken together, these results show why yield-stress rheolo-
gies are not dynamically equivalent to rheologies that include
dislocation creep at moderate to high temperatures. Dislo-
cation creep accelerates localization because it expands the
depth and temperature range over which both mechanical
and thermal weakening can operate, thereby strengthening
the feedbacks required to transform distributed extension into
a localized plate boundary.

5.3 Implementing yield-stress or LT-dislocation creep
as ductile strength-limiters

In these simulations, yield stress plays two distinct roles.
First, it acts as a proxy for shallow pseudo-brittle weaken-
ing, enabling deformation of the very cold upper lithosphere.
That role is essential in the present extension setting: with-
out weakening of the shallow plate, deformation remains dis-
tributed and of low amplitude, even when dislocation creep
is included. Some mechanism that weakens the cold upper
lithosphere is therefore required in addition to any deeper
strength-limiter.

Second, in rheologies that do not include low-temperature
dislocation creep, yield stress also limits the effective
strength in a part of the deeper lithosphere. This is evident
from the comparison between simulations with and with-
out an imposed thermal cutoff for yielding. When LT-HT
dislocation creep is present, restricting yielding to temper-
atures below 950K has no effect on localization timescales.
By contrast, when only HT-dislocation creep is included, the
same restriction markedly delays localization or prevents it
within the simulated strain window (Table 3). In that sense,
when low-temperature dislocation creep is absent, the yield
stress partly substitutes for a strength-limiter within the ap-
proximate 800—1100K interval, that is, across the temper-
ature range over which deformation transitions from dislo-
cation creep to yielding (Fig. 8). This interval overlaps at
least partly with the ductile domain inferred for olivine at
temperatures greater than about 800-900 K from laboratory
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and theoretical studies on melting and homologous temper-
atures (Hirschmann, 2000; Wang, 2016; Demouchy et al.,
2023). It also overlaps with the mantle brittle-ductile transi-
tion expected up to approximately 600 °C (900-1000 K), as
inferred from seismicity in the oceanic lithosphere (e.g. En-
geln et al., 1986; Abercrombie and Ekstrom, 2001; McKen-
zie et al., 2005), and may extend to 900 °C (1200-1300 K)
under hydrous mantle conditions (Kohli et al., 2021), making
the physical interpretation of such stress caps intrinsically
ambiguous because deformation around the brittle-ductile
transition is likely governed by multiple poorly constrained
processes (Kohlstedt et al., 1995; Meyer et al., 2019).

Our simulations further show that lowering stresses of the
shallowest part of the lithosphere does neither accelerate nor
modify the breakup process (Appendix E), whereas even a
stiff layer less than 5 km thick within the mid-lithosphere can
strongly delay Stage-1 narrowing and therefore delay plate-
boundary formation (Sect. 4.3, Fig. C1; Appendix C). This
layer forms a thin but mechanically important bottleneck be-
tween the shallow yielding domain and the warmer, weaker
creeping mantle. As long as this bottleneck remains strong, it
dampens the feedbacks between deformation focusing, plate
thinning, and further weakening, with strain rate increase
lessened in the whole lithospheric section, hence milder en-
suing viscosity reduction (Fig. Cb, c). In that sense, the rel-
evant control on localization is not simply the weakness of
the shallowest lithosphere, but the peak strength of the litho-
sphere, and whether the stiff layer can itself weaken. This
underlines the need to cap the lithosphere strength beyond
the brittle realm, in a temperature range corresponding ap-
proximately to 800-1000 K, i.e. the thermal range within the
mid-lithosphere where the activation of HT-dislocation creep
would otherwise lead to very high viscosities.

Our results therefore support the view that yield stress in
geodynamical models should not be interpreted only as a
shallow brittle proxy. In practice, it may also act as a first-
order proxy for deeper ductile strength limitation when low-
temperature plasticity is not represented explicitly. Follow-
ing Tackley (2000) and Van Heck and Tackley (2008), we
therefore suggest distinguishing between a shallow pseudo-
brittle stress cap and a deeper parameterization representing
low-temperature ductile strength limitation, even if the latter
is not dynamically equivalent to LT-dislocation creep itself
(Sect. 5.2).

Simulations with (LT-)-HT dislocation creep exhibit sig-
nificantly lower tectonic forces TF than simulations with
only yielding and diffusion creep. In addition, using lower
yield stress values also reduce the tectonic forces needed
to maintain extension (Fig. 7c). Nevertheless, initial TF
values of approximately 20-40TNm~! remain on the
high side compared to estimates proposed for natural rift-
ing (~1TNm™!, Brune et al., 2023), ridge push (~2-
3TNm~!, Parsons and Richter, 1980), but would be in
agreement with estimation of slab pull (~10-50 TN m~!,
e.g., Toth and Gurnis, 1998; Conrad and Lithgow-Bertelloni,
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2002; Schellart, 2004; Wu et al., 2008). In large-scale man-
tle convection models, chosen yield stresses are low (< 200—
300 MPa, e.g. Richards et al., 2001; Crameri and Tackley,
2014; Mallard et al., 2016; Coltice et al., 2019), or with a low
yield-stress increase with pressure (often < 0.2, e.g. Moresi
and Solomatov, 1998; Korenaga, 2010; Crameri et al., 2012;
Nakagawa and Iwamori, 2017) compared to values derived
from friction coefficients inferred from laboratory experi-
ments (~ 0.6, e.g. Byerlee, 1978). These choices generally
result in lithospheric strengths lower than laboratory-based
estimates (> 500MPa, e.g. Kohlstedt et al., 1995; Karato,
2008; Burov, 2011), but they allow models to reproduce
plate-like behavior and reorganizations (Janin et al., 2025).
Our results suggest that including low-(to high-)temperature
dislocation creep provides an alternative mechanism to act
as a strength-limiter in the lithospheric mantle, allowing
a somewhat higher stress-cap, more consistent with defor-
mation experiments, while still enabling plate weakening
and strain localization. Other plausible mechanisms have
also been proposed to generate plate-like behavior compat-
ible with higher yield stress values, such as lateral strength
heterogeneities associated with cratonic continental blocks
(Rolf et al., 2012).

5.4 Implications for geodynamical models and
limitations of the present study

A central implication of this study is that rheologies com-
bining diffusion creep with a simple yield-stress cap (e.g.
Moresi and Solomatov, 1998; Trompert and Hansen, 1998;
Coltice et al., 2019) may overestimate the time required to
localize strain and form new plate boundaries. In our simu-
lations, adding dislocation creep substantially accelerates lo-
calization relative to rheology D — Y because it extends the
thermal range of weakening in the creeping lithosphere and
strengthens the feedbacks that link strain-rate increase, as-
thenospheric upwelling, and further viscosity reduction. This
suggests that large-scale geodynamical models may localize
too slowly if they omit this rheological contribution. Yet, in-
cluding dislocation creep in whole-mantle convection sim-
ulations will have other dynamical consequences, such as
a sub-plate asthenosphere weakening scaling with surface
plate velocities (e.g. Patocka et al., 2024), or an increased
mechanical decoupling at lithosphere-asthenosphere bound-
ary that alters mantle flow and surface deformation pattern
(Semple and Lenardic, 2021; Arnould et al., 2023).

More broadly, our results highlight a limitation of
vertically-uniform stress-limiters. A low and constant yield-
stress is not dynamically equivalent to a rheological struc-
ture in which shallow pseudo-brittle weakening coexists with
a deeper creeping layer, since the latter can undergo strong
thermo-mechanical weakening. The distinction matters be-
cause localization is sensitive not only to the integrated plate
strength, but also to the depth distribution of strength and
weakening. In particular, a thin stiff mid-lithosphere layer
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can act as a bottleneck that delays localization even when
the plate is weak in a vertically averaged sense. Models de-
veloped to accurately estimate the absolute timescale of lo-
calization should distinguish a pseudo-brittle yield cap from
a ductile strength limiter, either self-consistently arising from
low-temperature dislocation creep (e.g. Mei et al., 2010; Jain
et al., 2017; Gouriet et al., 2019; Demouchy et al., 2023;
Warren and Hansen, 2023), or implemented with a so-called
“ductile yield stress” as in Tackley (2000) and Van Heck and
Tackley (2008).

A second important aspect of our study is the introduc-
tion of weakening-partition diagnostics, that provide a gen-
eral framework for analyzing the rheological control on de-
formation localization. By separating strain-rate-driven and
temperature-driven contributions to viscosity reduction, they
allow for identifying when localization is controlled primar-
ily either by mechanical weakening or by thermal feedbacks.
This weakening-partition diagnostics should be transferable
to other geodynamic settings, including subduction initiation
(e.g. Gurnis et al., 2004; Billen and Hirth, 2005; Ueda et al.,
2008; Zhong and Li, 2019; Zhang et al., 2021; Arcay et al.,
2023) or plume-lithosphere interaction (e.g. Brune et al.,
2013; Agrusta et al., 2015). It can also be extended to rhe-
ologies with additional state dependencies such as grain size,
damage, or composition (e.g. Bercovici and Ricard, 2013;
Fuchs and Becker, 2021; Dannberg et al., 2025).

The main limitation of the present study is the mantle-
only configuration. By excluding crustal layering, we isolate
mantle rheological controls but do not attempt to reproduce
the full mechanical complexity of natural rift systems. Crust-
mantle coupling, lithological discontinuities, and additional
weakening processes such as strain softening, grain-size evo-
lution, and damage are all expected to promote a more rapid
localization in a “narrow-rift” setting featuring a strong lower
crust (e.g. Allemand and Brun, 1991; Buck, 1991; Huis-
mans and Beaumont, 2003; Gueydan et al., 2008; Gueydan
and Précigout, 2014; Tetreault and Buiter, 2018; Heckenbach
et al., 2021). Indeed, for rifting models under total extension
around 1cmyr~! (e.g. Brune et al., 2014; Gueydan and Pré-
cigout, 2014; Chenin et al., 2018) the corresponding transi-
tion time ( #;) and break-up time (fpg) are approximately 5
and 9-16 Myr, respectively, compared to 14 and 26 Myr in
our fastest model (rheology D — dirprt — Ys00Mpa)- In that
sense, the absolute times reported in this study are best inter-
preted as end-member values for a simplified mantle system,
rather than as direct predictions for crust-bearing rifts. The
interplay between low-temperature dislocation creep and ad-
ditional weakening mechanisms will depend on the details
of the rheological parameterizations and their evolution laws,
but is beyond the scope of the present study (e.g. Precigout
et al., 2007; Bercovici et al., 2015; Li and Gurnis, 2024).
The presence of a crust also questions the existence of a
brittle mantle (Burov and Watts, 2006), since the transition
between pseudo-brittle yield-stress and LT-dislocation creep
is expected around 800K for a background strain rate of
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1071%-10713 s~! (Fig. 8), which corresponds to 27 km depth
for a 50 Myr old plate, i.e. shallower than a continental Moho
(~30km deep), but deeper than an oceanic one (~4-10km
depth).

Neglecting elasticity is another limitation. This assump-
tion may first lead to an overestimation (up to a factor of
three) of shallow stresses in our models (Patocka et al.,
2019). In our visco-plastic experiments (“plastic” being here
a synonym for “brittle”), the central peak in shallow stresses
(at Skm depth, Supplement, Sect. S5.2) is located in the
area where strain localizes, and where free-surface eleva-
tion is noticeable. If reducing shallow stresses by a fac-
tor 4 (as shown by additional tests with depth-dependent
yield stress) indeed leads to smaller central depression (fac-
tor ~ 3), it does not modify the two-stage weakening scenario
or the timing of incipient plate-boundary formation (see Ap-
pendix E). This supports the conclusion that the localization
mechanisms identified in our study are controlled primar-
ily by the rheological structure of the mid- and lower litho-
sphere, rather than by shallow stress alone.

Neglecting elasticity by assuming a viscoplastic rheology
also affects the prediction of brittle deformation and fault
development. Previous studies comparing viscoplastic and
visco-elasto-plastic formulations have shown that, although
first-order stress patterns may be comparable, elasticity im-
plementation will change fault geometry, spatial distribution,
interaction and rotation, as well as the rift-topography evo-
lution (e.g. Olive et al., 2016). In particular, our yield-stress
formulation produces distributed viscoplastic flow over a fi-
nite volume rather than localized planar faulting, and there-
fore does not capture the detailed geometry of brittle shear-
band development. Viscoplastic formulations may exhibit
mesh sensitivity and numerical convergence issues (Duretz
et al., 2020, 2021). Simulating a constant yield stress pre-
vents the formation of shear bands in the pseudo-brittle layer
(Watremez et al., 2013). For a moderately fast extension,
the pseudo-brittle layer deforms by pure shear in a lay-
ered lithosphere if the viscosity underneath the upper brittle
layer is high (~ 102 Pa s, Huismans and Beaumont, 2005),
which may explain the absence of shear bands in our models
with a moderate yield stress increase with depth (viscosity
~ 10?3 Pas at the yield-creep transition for a 500 MPa yield
stress at £ = 1071 s~!, Figs. 9a, ¢ and C1). More physically
grounded approaches, including damage-based rheologies
and visco-elasto-plastic formulations accounting for weaken-
ing by microcracks growth, may therefore improve the rep-
resentation of shallow deformation (Petit et al., 2024), but
remain computationnaly demanding. We acknowledge that
treating the shallow brittle layer more realistically could sig-
nificantly modify the deformation pattern at shallow depths,
but expect the large-scale feedbacks of lithospheric weaken-
ing documented in this study to remain broadly relevant.
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6 Conclusions

Our 2-D thermo-mechanical extension experiments show
that lithospheric-scale strain localization is controlled by
the interplay between rheology and self-reinforcing thermo-
mechanical feedbacks. In all simulations that successfully lo-
calize deformation, plate-boundary formation follows a ro-
bust two-stage pathway: an initial stage of progressive nar-
rowing of the deforming zone, followed by a second stage
of rapid plate thinning driven by focused asthenospheric up-
welling. This two-stage evolution provides a simple physi-
cal framework for understanding how distributed extension
evolves into a localized plate boundary.

A central result is that dislocation creep substantially ac-
celerates localization relative to yield stress plus diffusion
creep alone. This effect arises not simply because viscosity is
lower overall, but because dislocation creep extends weaken-
ing into a broader and colder part of the creeping lithosphere.
In doing so, it enables both strain-rate-dominated weakening
during Stage 1 and stronger temperature-driven weakening
during Stage 2, thereby enhancing the feedbacks that pro-
mote localization. By contrast, rheologies based only on dif-
fusion creep plus a yield-stress cap localize more slowly be-
cause weakening in the deeper lithosphere is more restricted.

Our results also show that localization depends on the
depth distribution of weakening and strength. In particu-
lar, even a thin stiff layer within the mid-lithosphere can
markedly delay Stage-1 narrowing and hence delay plate-
boundary formation. This suggests that low-temperature dis-
location creep acts as a ductile stress-limiter at tempera-
tures of about 800—1100 K, similarly to the effect of common
yield-stress parameterizations.

More broadly, this study introduces diagnostics that parti-
tion viscosity reduction into temperature-driven and strain-
rate-driven contributions. These diagnostics directly link
weakening to the evolving thermal and kinematic state of
the system, clarifying why some rheological combinations
localize efficiently whereas others do not. They also provide
a transferable framework for analysing weakening processes
in other geodynamic settings (e.g. subduction initiation and
plume-lithosphere interaction) and in rheologies with addi-
tional state dependencies.

Taken together, these results identify dislocation creep as
a key ingredient for efficient plate-boundary formation, and
show that what matters most is not simply overall plate
strength, but the spatial extent of thermo-mechanical weak-
ening within the lithospheric mantle.
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Appendix A: End-members of deformation pattern
(distributed vs. localized)

The two end-member modes of lithospheric spreading,
namely, distributed deformation and localized deformation,
described in Sect. 4.1, are assigned at simulation end (40 %
of strain, corresponding to 500 km total surface extension)
based on two main distinct diagnostics: plateness and lateral
viscosity contrasts (Fig. Al). In some cases we observe an
intermediate case, that is, incomplete localization, for which
the deformation pattern has not reached any quasi-steady
state at 40 % of strain. For instance, the plate thickness A pjace
has not reached any plateau after 40 % of strain (see Fig. 7b).
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Figure Al. (a) Plateness P and (b) lateral viscosity contrast Ryjsc
obtained after 40 % strain for various extension rates, initial plate
age, and rheologies. The end-member simulations (distributed de-
formation, localized plate boundary) are depicted in red and blue,
respectively. The incomplete localization case in yellow is interme-
diate between the two end-members.
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Appendix B: Transition time #, calculation

For all “localized” simulations (loc. PB, Tables 3, 4), we es-
timate the transition time f, from the co-evolution of plate
thickness Aplate (#) and width of the enhanced deformed zone
w(t). The transition time #; is defined as the point furthest
from the line connecting the lithospheric structures at #y and
tpg, to the evolution curve hplae(f) — w(t) (Fig. B1). This
point corresponds to the knee in the curve, i.e. a transition
between the first stage of extension during which deforma-
tion narrowing dominates (strong decrease in w while Apaee
only slightly lessens) and the second stage, in which the
asthenospheric upwelling dominates (moderate w reduction
but strong lithospheric thinning and Zpjate reduction). Defin-
ing a transition with such a methodology was for example
used to estimate the threshold in grain orientation spread
to discriminate between recrystallized and relict grains of
quartz from a given distribution of intracrystalline lattice ori-
entation in a natural sample (e.g. Cross et al., 2017).

plate thickness hpjate (km)

Stage 1

1200 900 600 300 0
width of deformed zone (km)

Figure B1. Definition of the transition time f illustrated using
the reference experiment, Simulation ref-1 (rheology D —di T-HT —
Y500 Mpa)- The transition time # is determined as the time at which
the distance between the co-evolution of the deformed-zone width
w and the plate thickness Apjate (blue line), and the straight line
between the end-member states at ¢+ = 0 and ¢ = tpg (black line) is
maximum.
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Appendix C: Rheological feedbacks in the presence of a

stiff mid-lithosphere layer
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Simulation D — dyt — Y?ggﬁ]}a investigates the effect of
a thermal limitation imposed on the yielding realm. In this
experiment, the yield stress rheology is restricted to temper-
atures lower than 950K (see Sect. 2.2.3) and is compared
to Simulation D — dyt — Y500 Mpa 1n which no thermal limi-
tation is imposed (Table 3). Since brittle deformation in the
lithospheric mantle has been argued to end at a temperature
close to 900K (e.g. Engeln et al., 1986; Abercrombie and
Ekstrom, 2001; McKenzie et al., 2005), limiting yielding to
a temperature around 950 K allows for modeling the litho-
sphere behavior if the brittle-ductile transition was controlled
by a maximum temperature. Simulations performed without
and with a temperature-capped yield rheology are compared
using vertical profiles of temperature, strain rate and viscos-
ity sampled at the center of the simulation box and computed
at three different times (0, 4 and 13 Myr) at different stages
of localization (Fig. C1).

At the start of simulations, the temperature of the yield-
creep transition is close to 1000 K in Simulation D — dyt —
Ysoompa (Sect. 4.3) and is located at ~41 km depth, while
the 950 K isotherm is at 38 km depth. As a consequence, if

https://doi.org/10.5194/se-17-947-2026

the yield stress is thermally-capped, dislocation creep is ac-
tivated in a 3 km-thick layer below the yield boundary (38—
41 km depth). In this layer, viscosities reach the highest val-
ues, locally exceeding 10%* Pas. After 4 Myr of lithospheric
extension (end of Stage 1 in Simulation D — dgt — Y500 MPa,
the strain rate has increased with respect to the initial state
by a factor of ~2.3 for the thermally-capped yield rheol-
ogy, while this increase is doubled in Simulation D — dyt —
Y500Mpa- As a result, the viscosity in the yielding realm is
decreased by a factor 2 for the temperature-capped yield, in-
stead of 3 without the thermal limitation in yield.

The difference between the two simulations in the average
lithospheric strain rate at the box center is amplified through
time. As Stage 2 proceeds for Simulation D —dyrt — Y59(§(())§Pa’
a strong lithospheric thinning at 13 Myr (1200 K increase at
5km depth relative to the initial state) adds thermal weak-
ening to mechanical weakening (200-fold increase in strain
rate), which reduces viscosity by a factor ~ 2400 with re-
spect to the initial state. The corresponding viscosity weak-
ening is limited to a ~ 170-fold decrease for the thermally
capped yield rheology.

Solid Earth, 17, 947-977, 2026
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Appendix D: Varying the extension rate and initial
thermal plate age

Figures D1 and D2 display the thermomechanical evolu-
tion modeled at the box center obtained for rheologies D —
drr-at — Ys00mpa and D — Ysopmpa, respectively, when the

the cooling of the lithosphere (thermal hardening). As a con-
sequence, the material weakening results from mechanical
weakening only even in the creeping part of the lithosphere
(dark green, Fig. Dla, b, d, g). In particular, Fig. D2c and
f illustrate a scenario of incomplete localization (Sect. 4.1,
Table 4), where complete localization of deformation is not

initial plate age and half-extension rate are varied (Sect. 4.4). achieved at the end of the simulation when strain reaches

At low velocity, the early extension stage is characterized by 40 %.
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Figure D1. (This figure uses the same representation as Fig. 8 in the main text.) Depth-time evolution of the relative contributions to
weakening Fr and FgR calculated at box center x =600 km with rheology D — dpr-HT — Y500 MPpa- Rows correspond to varying initial
plate age and columns to varying half-extension velocity vy /2. The central panel represents the reference setup (initial plate age of 50 Myr,
half-extension rate of 1cm yrfl). In each panel, time varies from O to tpg (which differs from one panel to another), and the transition
time f¢ is indicated by a vertical dashed line. The diagnostics are calculated only in regions experiencing weakening (W > 0), hardening
or stable regions (W < 0) being displayed in white. The color-scale is saturated between O and 1. Zones of intense weakening, where

the weakening rate normalized by the initial strain rate in the plate ?9‘/;1 exceeds 30, are outlined in pink. Boundaries between dominant

deformation mechanisms are outlined with dashed dark-blue lines as in Fig. 4, and isotherms from 800 to 1500 K are displayed in light blue.
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by dashed dark-blue lines as in Fig. 4, and isotherms from 800 to 1500 K are displayed in light blue.

Figure D3 provides a global illustration of the two-stage
evolution in simulations for various initial plate ages and
half-extension velocities (Sect. 4.4). The curves for the same
initial plate age are almost superimposed, except for low ve-
locity vy =0.2cm yr~! which exhibits thickening during
the early Stage 1. The “incomplete localization” scenario of

https://doi.org/10.5194/se-17-947-2026

the simulation with rheology D — Ysoompa for an initial
50 Myr-old plate and vy, =0.2cm yr~! (Sect. 4.1, Table 4)
is illustrated by the pink curve in Fig. D3b: at the end of
the simulation (strain of 40 %), the plate is still thicker than
700 km and the deformed zone wider than 150 km.
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Appendix E: Simulations with a depth-dependent yield
stress

We perform two simulations with a depth-dependent yield
stress for the following two creep rheologies: (i) diffu-
sion creep (D), (ii) diffusion creep plus low- and high-
temperature dislocation creep (D —dyrpgr). We define a
depth-dependent yield stress:

oy(z) =09 +2z-Ao, (E1)
with
Ao,=p-g-u (E2)

where z is depth, op =50 MPa is the yield stress at the sur-
face (cohesion), Ao, (Pam™!) is the yield stress gradient
and w is the yield stress increase with pressure related to
the friction coefficient, f;. The parameter p corresponds to
the ratio between the horizontal tectonic deviatoric stress
and the lithostatic pressure (neglecting pore fluid pressure),
while the friction coefficient f; is the ratio between the shear
stress and the normal stress acting on a plane fault (e.g.,
Doin and Henry, 2001; Turcotte and Schubert, 2002). The
yield stress gradients are chosen to ensure that the transi-
tion of deformation mechanism from yield to creep corre-
sponds to a stress of approximately 500 MPa and occurs
at the same depth as in the case of a constant yield stress
with depth. This transition depth depends on the creep law
considered. Consequently, for the following creep rheolo-
gies: diffusion creep (D) and diffusion creep plus low- to
high-temperature dislocation creep (D — drLr-HT), One may
get: Ao, (D)=6.181 MPakm™', u(D)~0.19 and Ao (D —
dirput) = 16.423 MPakm ™!, w(D —dyrpt) ~ 0.51, respec-
tively (Fig. E1), keeping unchanged the depth of the yield-
creep transition with respect to a constant yield stress ensures
to maintain the rheological structure of the underneath creep-
ing layer in the lithosphere.
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Figure E1. Strength profile computed for a uniform strain rate
6=3x10"s"! and a temperature profile corresponding to a
50 Myr-old lithosphere. The red and dark blue curves are respec-
tively: diffusion, and diffusion plus low- and high-temperature dis-
location creep rheologies, in combination with a depth-dependent
yield stress (dashed lines), or with a constant yield stress of 200
or 500 MPa (orange dotted and light blue solid lines, respectively).
The yield-creep transition for the depth-dependent yield stress is
reached at a maximum strength of 500 MPa, which is consistent to
the yield-creep transition depth for constant yield stress of 500 MPa
combinations.

The two chosen stress-increase with depth are higher than
in commonly used depth-dependent yield stress formulations
in large mantle convection simulations (usually lower than
1.1MPakm™!, e.g. Rolf and Tackley, 2011; Coltice et al.,
2019; Arnould et al., 2023), and corresponds to relatively
high friction coefficients (typically lower than 0.2 in convec-
tion experiments, e.g. Moresi and Solomatov, 1998; Kore-
naga, 2010; Crameri et al., 2012; Nakagawa and Iwamori,
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Figure E2. Temporal evolution (and corresponding cumulative strain in %) of diagnostics for two sets of simulations corresponding to two
creep viscosities (diffusion creep and diffusion creep with LT-HT dislocation creep). In each set, the yield stress is either constant, and set
to 200 or 500 MPa, or increasing with depth. The color and style coding used to caption simulations is the same as in Fig. E1. Note that this
figure is a similar representation of diagnostics as Fig. 7) in the main text. Simulations have the same initial plate age (50 Myr) and extension
velocity (vi2 =1cm yr_] )- (a) Width of the enhanced deformed zone w, (b) plate thickness Apate at x =600 km, (¢) tectonic force TF, (d)
plateness P, (e) lateral viscosity contrast Ry, and (f) maximum weakening rate Wax over the whole lithosphere thickness (7' < 1500 K)

at x =600 km.

2017) and closer to experiment values (~ 0.6, e.g. Byerlee,
1978).

Figure E2 shows that the transition time f#;, the plate
boundary time fpg and the overall scenario of localization
obtained for a depth-dependent yield stress are very close to
the reference cases performed with a constant yield stress,
for the two investigated creep rheologies. Tectonic force and
the lateral viscosity contrasts are lower and higher, respec-
tively, when comparing a depth-dependent yield stress to a
constant yield stress (Fig. E2c and e, at initial state and at
time f, respectively). Moreover, the free-surface topography
is not significantly modified when the yield stress is depth-
dependent instead of being constant, except in the noticeable
narrow area where the plate boundary forms at the very end
of the simulation (Supplement, Sect. S5.2).
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Code and data availability. The version 4.1.19 of the Flu-
idity computational modeling framework used here is
archived at https://zenodo.org/records/5221157 (Kramer et al.,
2021a). Post-processing codes were developed using Python
(3.11.11) and are available upon request from the correspond-
ing author, with few figures using scientific color maps of
https://doi.org/10.5281/zenodo.8409685 (Crameri, 2023). Sim-
ulation data supporting the findings of this study are available
at https://doi.org/10.5281/zenodo.17606932 (Van Broeck, 2025),
including raw files necessary to reproduce the main numerical
experiments. Additional simulation outputs not included in the
repository are available upon request from the corresponding
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