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Grain-size-evolution controls on lithospheric
weakening during continental rifting

J. B. Ruh® X, L, Tokle and W. M. Behr

Variation in the effective strength of the lithosphere allows for active plate tectonics and is permitted by different deformation
mechanisms operating in the crust and upper mantle. The dominant mechanisms are debated, but geodynamic models often
employ grain-size-independent mechanisms or evaluate a single grain size. However, observations from nature and rock defor-
mation experiments suggest a transition to grain-size-dependent mechanisms due to a reduction in grain size can cause litho-
spheric weakening. Here, we employ a two-dimensional thermo-mechanical numerical model of the upper mantle to investigate
the nature of deformation and grain-size evolution in a continental rift setting, on the basis of a recent growth law for polycrys-
talline olivine. We find that the average olivine grain size is greater in the asthenospheric mantle (centimetre-scale grains) than
at the crust-mantle boundary (millimetre-scale grains). This grain-size distribution could result in dislocation creep being the
dominant deformation mechanism in the upper mantle. However, we suggest that along lithospheric-scale shear zones, a reduc-
tion in grain sizes due to localized deformation causes a transition to diffusion creep as the dominant deformation mechanism,

causing weakening of the lithosphere and facilitating the initiation of continental rifting.

behaviour in contrast to the relatively weak underlying
asthenosphere. This rheological stratification, which ulti-
mately allowed for the emergence of plate tectonics, results primar-
ily from the thermal gradient across the crust and upper mantle
and the temperature-dependent activation of dislocation- and
diffusion-related crystal-plastic creep of rocks and minerals'™.
Scaling of such experimentally derived creep laws to natural strain
rates allows us to estimate viscosities and strength of the lithosphere
(Extended Data Fig. 1). Geophysical constraints on the elastic thick-
ness of the continental lithosphere, which is a proxy for its strength,
led to contrasting views on the strength of the uppermost mantle,
with it being either strong and best represented by dry dislocation
creep of olivine® or weak according to a wet olivine rheology®’.
Whether deformation within the upper mantle is dominated
by dislocation creep or diffusion creep is still a matter of debate.
The observation of crystallographic preferred orientation in mantle
xenoliths® and evidence for strong seismic anisotropy’ has long been
interpreted as an indicator for dislocation creep as the dominant
deformation mechanism'’. However, there is reported evidence that
crystallographic preferred orientation, and therefore seismic anisot-
ropy, may also develop as a result of diffusion creep of fine-grained
olivine-rich aggregates'’. In contrast to dislocation creep, the rela-
tionship between stress and strain rate for diffusion creep is depen-
dent on grain size, which is a crucial parameter when considering
the dominant deformation mechanism in the upper mantle">".
A transition from dislocation to diffusion creep at depths greater
than ~250km was proposed by Hirth and Kohlstedt' on the basis
of theoretical estimates that olivine grain size in the upper mantle
is on the order of 10 mm". Numerical experiments of mantle con-
vection have since implemented a composite diffusion-dislocation
creep rheology and constant mantle grain size, which may result
in dramatic convective instability and thermal erosion of the litho-
sphere'*. However, the assumption of a constant upper-mantle grain
size is an oversimplification that appears contradictory to several
observational and experimental datasets. Experimental data on

| he Earth’s lithosphere is defined by its mechanically rigid

wave speed and attenuation of olivine, for example, fit best with
a seismological model that implies an increase in grain size from
~1mm to ~5cm between depths of 100 and 200 km'*. Furthermore,
natural samples of exhumed lithospheric mantle rocks show a large
variety of grain sizes ranging from tens to hundreds of microns in
olivine mylonites and tectonites to the centimetre scale in weakly
deformed or annealed xenoliths'®-%.

Plate tectonics requires mechanical weakening and prolonged
strain localization along lithospheric shear zones at the plate bound-
aries'”?. Several studies suggest that grain-size reduction and the
consequent activation of diffusion creep is a viable process to ini-
tiate localization of deformation in the lithosphere**, perhaps
complementary to other potential weakening mechanisms such
as shear heating®, reaction-induced weakening” or the presence
of pre-existing weak zones or viscous anisotropy®. For example,
Bercovici and Ricard”** demonstrated that dynamic grain damage
and phase mixing may explain fast (<1 Myr) weakening and localiza-
tion of shear zones because Zener pinning severely inhibits the pro-
cess of grain growth. By contrast, long-term grain-size-dependent
weakening in the absence of grain pinning has been considered
unlikely*' due to fast grain-growth laws for olivine®. Unfortunately,
most models that investigate grain-size-related weakening describe
one-dimensional parameterizations that lack the necessary dynamic
context to better understand complex tectonic systems?*>*.
Furthermore, recent studies suggest that the coupling of grain
size and thermo-mechanical systems has important effects on the
dynamics of mantle convection®, the initiation of transfer faults”
and the segmentation of subducting slabs™.

In this Article, we present a two-dimensional thermo-mechanical
numerical model with a composite diffusion—-dislocation creep flow
law coupled to a self-consistent grain-size-evolution model based
on the palaecowattmeter”. Such a model allows us to estimate appar-
ent grain-size distribution and the dominant deformation mecha-
nism within the upper mantle and to investigate the importance of
grain-size evolution for strain localization in the lithosphere dur-
ing continental rifting. The two-dimensional approach furthermore
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Fig. 1| Temporal evolution of the experiment with C,, =600 H/10¢ Si. a, Viscosity of upper mantle and marker composition of crust. White lines denote
isotherms up to 1,300 °C. b, Deformation mechanism in the uppermost mantle and composition of crust. Red, diffusion creep; white, dislocation creep; blue
contours indicate grain size; grey and yellow colours, continental crust marker composition; green, oceanic crust marker composition; x, width; y, depth.

allows for the evaluation of complex thermal and geometric feed-
back effects related to upper-mantle dynamics. We test the influ-
ence of hydrogen concentration in the mantle, which affects both its
viscosity and rate of grain growth. Furthermore, the effect of local-
ized grain-size-dependent weakening on the long-term strength
and elastic thickness of continental lithosphere is investigated and
compared with pure dislocation-creep experiments.

Modelling grain-size evolution in the upper mantle

We apply a finite-difference thermo-mechanical numerical
model of the upper mantle and crust with a Eulerian domain of
1,000 670 km that undergoes horizontal divergence at a constant
total rate of 1cmyr' (Extended Data Fig. 2). Additional experi-
ments were run with divergence rates of 4 and 8cmyr! for com-
parison. The model employs a visco-elasto-plastic rheology where
the viscous strain rate is composed of both dislocation and diffu-
sion creep for a constant hydrogen concentration' and stresses are
capped depending on the Drucker—Prager yield criterion (Extended
Data Tables 1-3 and Methods). Although grain boundary sliding
(GBS) may be important in olivine at dry conditions™, it is expected

to have a minor effect in wet experiments', requiring either high
stresses (>1GPa) or high temperatures (>1,500°C) for grain sizes
of 1-10mm (ref. ). Nevertheless, we conducted additional experi-
ments including a wet GBS flow law™ to test its effect on the mechan-
ics of the upper mantle. The applied hydrogen concentrations in the
mantle are Co,; =50, 175, 600 and 2,500 H atoms per 10° Si atoms
(H/10° Si), which cover the range of estimated values obtained from
experimental studies™"!, and measured values from mid-ocean
ridge basalts’, and peridotite xenoliths** (Methods). Olivine grain
size is calculated on the basis of the palaeo-wattmeter”, which
introduces a grain-size-evolution rate composed of independent
growth and reduction terms (Extended Data Table 4 and Methods).
Grain-size reduction occurs through the process of dynamic recrys-
tallization during dislocation creep, whereas grain growth controls
the grain size during diffusion creep*. Therefore, only dislocation
creep is responsible for grain-size reduction. On the basis of grain
sizes from experimentally deformed olivine aggregates, the frac-
tion of work that goes into grain-size reduction during dynamic
recrystallization is estimated to be A=0.01 (Extended Data
Fig. 3a), which is in agreement with recent estimates for olivine®.
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Fig. 2 | Grain sizes in the mantle at variable water content. a, Vertical
profile at x=990 km after 5 Myr. See location in Fig. Ta. b, Temporal
evolution of grain size within lithospheric shear zones at y=50 km.
¢, Temporal evolution of grain size between 200 and 410 km depth.

Additional experiments were conducted with A =0.003, 0.04 and 0.1
for comparison. The implemented grain-growth parameters derive
from experiments on natural olivine aggregates with in situ hydro-
gen concentrations* that predict substantially slower grain growth
than previous constraints from experiments on water-saturated,
synthetic olivine™ (Extended Data Fig. 3b). Grain sizes within the
lithosphere are driven mainly by the reduction term due to lower
temperatures and higher deviatoric stresses (Extended Data Fig. 3c).
However, initial grain sizes in the lower part of the model domain
rapidly adjust to a steady-state grain size due to high temperatures
and thus fast growth rates (Extended Data Fig. 3d).,

Rheological implications and the formation of shear zones

Composite diffusion-dislocation-creep numerical experiments
were conducted with various constant hydrogen concentrations in
the mantle (Coy =50, 175, 600 and 2,500 H/10° Si) that affect both
viscous creep and grain growth. Mantle viscosities of the reference
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Fig. 3 | Percentage of finite strain accumulation in a lithospheric shear
zone. Strain due to diffusion creep (blue) or dislocation creep (white)

after 20 Myr of divergence. Red, contour of 7=10?"> Pas indicating
thickness of the elastic lithosphere. a, C,,;=50 H/10° Si. b, Co, =175 H/10°
Si. €, Coy =600 H/108 Si. d, Coy =2,500 H/108 Si.

model (Cy,; =600 H/10° Si) show values of 10°*~10% Pas for the asthe-
nosphere after 5 Myr of divergence (Fig. 1a). At 10 Myr, lithospheric
thinning and related temperature increase below the rifted region
lead to viscosities as low as 5X 10" Pas, relatively fast velocities and
gravitationally induced lithospheric dripping. After 15 and 20 Myr of
divergence, asthenospheric viscosities remain within 10'*~10*' Pas,
with lower values where fast velocities occur due to thermally and
gravitationally induced lithospheric erosion (Fig. 1a). Away from the
rift, the lithosphere remains intact and strong. Additional experi-
ments including GBS deformation mechanism® with hydrogen
concentrations of Coy=50 H/10° Si indicate a negligible and for
Coi =600 H/10° Si a minor (<1% of total strain rate) contribution of
GBS to upper-mantle dynamics (Extended Data Fig. 4).
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Fig. 4 | Strength of the lithosphere. a, Temporal evolution of the laterally averaged integrated strength (boundary force) of pure dislocation and
grain-size-dependent composite diffusion-dislocation-creep experiments. b, Laterally (x=990-1,000 km) averaged lithospheric strength profiles after
5 Myr. For colour code, see a. ¢, Strength and grain-size profile along lithospheric shear zone at 5 Myr. Location of profile indicated in Fig. 1b.

Illustrations of the dominant deformation mechanism (dis-
location versus diffusion creep) and contours of grain size in the
mantle demonstrate that localization of stress in the centre of the
model domain leads to grain-size reduction and the activation of
diffusion creep along large-scale lithospheric shear zones (Fig. 1b).
The large shear zones retain relatively small grain sizes and remain
dominated by diffusion creep even after 15 to 20 Myr of divergence,
when a mid-ocean spreading centre is established, consuming
most of the extensional velocity. This general observation is also
valid if the fraction of work that goes into grain-size reduction is
varied to A=0.004, 0.03 and 0.1, with larger A values resulting in
smaller grain sizes and a stronger impact of diffusion creep within
the mantle lithosphere (Extended Data Fig. 5a—c). In contrast to the
grain-growth law for natural damp olivine aggregates, the imple-
mentation of much faster grain-growth law from water-saturated
synthetic olivine® results in grain sizes responsible for dislocation
creep dominating across the entire upper mantle and the lack of
grain-size-induced weakening (Extended Data Fig. 5d). This result
has previously led to the suggestion that phase mixing and grain
boundary pinning is the primary driver for strain localization in
mantle shear zones”. However, our results demonstrate that even
in the absence of phase mixing, grain growth is sluggish enough to
permit sustained localization through the persistence of diffusion
creep after initial dynamic recrystallization. This result is consistent
with observations from nature that many mantle shear zones also
localize in olivine-dominated (for example, non-phase-mixed) peri-
dotites such as dunites'®*".

For experiments with the recent grain-growth law and aA=0.01,
grain sizes vary spatially throughout the model domain; further-
more, their values are strongly sensitive to implemented mantle
hydrogen concentration. Vertical grain-size profiles along the side
of the domain (at 5 Myr), away from the extensional zone, show val-
ues of 0.3-3.0mm at the Moho (depending on C;) that increase
to 6-15cm at the lithosphere-asthenosphere boundary (LAB) and
decrease to 3-10 cm at the base of the olivine-rich mantle at 410 km
depth (Fig. 2a). Grain sizes within localizing shear zones in the
uppermost lithosphere at 40 km depth (y=50km) show a rapid ini-
tial decrease to 60-250 pm (Fig. 2b). Depending on the hydrogen
concentration in the mantle, they are able to recover after ~15Myr
(Con=2,500 H/10° Si) or ~20Myr (C,,;=600 H/10° Si). Lower
hydrogen concentration hampers substantial grain growth within
previously active shear zones before 40 Myr. Average upper-mantle
grain sizes below 300km depth establish within ~2 Myr and range
between 3 and 12cm (Fig. 2c). Further undulations in average

mantle grain size result from the downwelling of small-grain-size
lithospheric driplets.

Figure 3 shows the portions of accumulated finite viscous strain
within the mantle accommodated by diffusion and dislocation creep
after 20 Myr of divergence. Dislocation creep is the dominant defor-
mation mechanism in large parts of the upper mantle, independent
of hydrogen concentration. Diffusion creep dominates within litho-
spheric shear zones that form in the early stages of rifting (Fig. 1b)
and assist in lithospheric dripping (Fig. 3b-d). The continental
lithospheric thickness defined by its viscosity varies between 90 and
150km, depending on hydrogen concentration (Fig. 3).

Effects of grain size on lithospheric strength

The importance of a self-consistent grain-size distribution for
upper-mantle dynamics becomes evident when comparing our
results with numerical experiments with pure dislocation creep of
olivine or composite diffusion-dislocation creep with a constant
grain size throughout the entire upper mantle. Experiments with
dry dislocation creep result in a thicker elastic lithosphere and
increased viscosities (Extended Data Fig. 6a). Experiments with
composite diffusion-dislocation creep and small constant grain
size (1 mm) result in a lithosphere thinned by convective erosion
(<90km) driven by low asthenosphere viscosities of <10"Pas
(Extended Data Fig. 6b). For constant grain sizes larger than
1cm, dislocation creep becomes the main deformation mecha-
nism throughout the entire upper mantle'’. These numerical
experiments fail to match the effective elastic lithospheric thick-
nesses necessary to sustain orogens’, while brittle deformation
in the lithosphere remains absent’. However, our implementa-
tion of a self-consistent grain-size evolution is able to resolve this
obstacle. Observed lithospheric thicknesses vary between 90 and
150km (Fig. 3), while localization of deformation in the mantle
lithosphere rapidly leads to grain-size reduction, diffusion-creep
activation and related stress drop below the frictional yield, omit-
ting failure. The diffusion-creep-related stress drop furthermore
reduces and replaces the importance of (work-related) shear heat-
ing along lithospheric shear zones**.

The temporal evolution of the vertically integrated strength
illustrates that experiments with composite diffusion-disloca-
tion creep coupled to a self-consistent grain-size evolution show
a decrease of boundary forces below 5TNm™ within 1-2Myr,
while pure dislocation-creep experiments remain above 10 TN m™
for at least ~15Myr (Fig. 4a). Typical forces along plate boundar-
ies are on the order of 1-5TNm™ (refs. “>**), which is sufficient to
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initiate continental rifting if the grain size is small enough and dif-
fusion creep dominates deformation®. Vertical strength profiles
indicate that most of the strength of coupled experiments remains
within the crust, with maximal values of ~200 MPa, while pure
dislocation-creep experiments exhibit at least 10 km of brittle—plas-
tic mantle lithosphere with differential stresses up to ~600-700 MPa
(Fig. 4b). Differential stresses of ~200MPa close to the Moho
in composite diffusion-dislocation-creep experiments stand in
contrast to significantly lower strength along a lithospheric shear
zone after 5Myr (Fig. 4c). There, values of 1-10 MPa are defined
by grain sizes as small as 100 pum and diffusion creep as the con-
sequent deformation mechanism, efficiently weakening the entire
lithospheric rift system.

Hydrogen concentration in the upper mantle has important
implications for the relationships between viscous flow and seismic
anisotropy”, hydrous melting®' and the distribution of geochemi-
cal reservoirs®. The strength of olivine in the presence of water is
significantly reduced>*, as expressed in the flow law we apply".
Furthermore, increased hydrogen concentration results in faster
olivine grain growth*. The combined increase in grain-growth rate
and decrease in flow stress associated with higher hydrogen concen-
trations in our experiments leads to lower asthenospheric viscosity
and increased thermal erosion of the lithosphere driven by diffusion
creep (Fig. 3).

The numerically predicted olivine grain size in the upper lith-
osphere away from shear zones (0.5-10mm; Fig. 2a) is in agree-
ment with naturally measured values from exhumed xenoliths'®>>°,
Furthermore, recrystallized grain sizes of 10-100 pm from localized
lithospheric shear zones* match the grain sizes established in
the diffusion-creep-dominated numerical shear zones for hydro-
gen concentrations >175 H/10° Si (Fig. 2b). There are only a few
constraints on grain size in the lower part of the upper mantle.
However, Faul and Jackson'® suggested that the seismic signature of
the upper-mantle low-velocity zone may be explained with a grain
size of 5 cm together with the presence of fluids, which is consistent
with our numerical results (Fig. 2a,b).

Implications for continental margin architecture

Numerical experiments with a self-consistent grain-size-evolution
model result in reduced grain sizes and the consequent activation
of diffusion creep below continental rift zones. The long-term
low viscosity of such lithospheric shear zones leads to mechanical
decoupling along the Moho and allows for stretching of the conti-
nental crust and the formation of a hyper-extended margin, where
the continental crust is <10km thick horizontally extended over
>100km with a lack of high-angle faulting®, forming continental
slivers and extensional allochthons® (Fig. 1b). Previous studies
demonstrated that strain-dependent rheologies (either brittle or
viscous strain weakening) of continental crust and lithospheric
mantle play a crucial role in the formation of asymmetric rift-
ing and hyper-extended margins®>®. In fact, numerical experi-
ments with a pure dislocation-creep mantle flow and without a
grain-size-dependent weakening consistently produce symmetric
and localized rifts (Extended Data Fig. 6a). This is also the case
for experiments with a constant grain size of 1mm due to the
strong, dislocation-creep-dominated uppermost mantle lithosphere
(Extended Data Fig. 6b).

The formation of diffusion-creep-dominating mantle shear zones
is also observed when increasing the divergence velocity of rifting
experiments to a total of 4 and 8 cmyr! (Extended Data Fig. 6¢,d).
However, faster extension leads to increased rifting symmetry, with
smaller grain sizes in the mantle lithosphere. The impact of weak
rheologies and plate velocities on rift architecture is not novel®**.
However, in contrast to previous studies, we present a self-consistent
fully coupled physical implementation supported by observed
variance of grain size in mantle rocks that is responsible for
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crust-mantle mechanical decoupling necessary to form hyper-
extended margins.

In summary, presented numerical results are able to reproduce
naturally observed distributions of olivine grain size, which indi-
cate that dislocation creep is the dominant deformation mechanism
in the upper mantle except along lithospheric shear zones, where
diffusion creep is activated as a result of grain-size reduction by
earlier dislocation creep at high stress. This intrinsic weakness of
such shear zones reduces the necessary boundary force to initiate
continental break-up and accelerates related rifting events. A typi-
cal feature of our experiments including grain-size evolution is the
development of hyper-extended margin architectures, enabled by
mechanical decoupling along diffusion-creep-dominated weak-
nesses below the extending continental crust.
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Methods

Numerical experiments were conducted with a finite-difference
thermo-mechanical numerical code with a fully staggered Eulerian grid and

a Lagrangian particle field based on the marker-in-cell technique®-*". The
mechanical implementation employs a visco-elasto-plastic rheology, and governing
equations are discretized on the non-deformable Eulerian grid and solved with
MATLAB’s backslash direct solver for the two velocity components and dynamic
pressure. Temperature is solved separately on the Eulerian pressure nodes with
MATLAB’s backslash direct solver. Material properties are interpolated on freely
moving Lagrangian markers that advect through the fixed Eulerian grid according
to a fourth-order Runge-Kutta derived velocity field.

Governing equations. The mechanical model implements the equations for
conservation of mass (incompressible)

au,-
7 1
F (1)
and conservation of momentum (Stokes equation)
_9P 91
L @

ax,- axj =rei

where P is mean stress, u; is velocities, x; is spatial coordinates, 7; is deviatoric stress
tensor, p is density and g; is the gravitational acceleration.
Temperature is implemented by the energy equation

DT *T
Cp| — ) =k=—= + H, + H; + H,. 3
pCp (Dt) 2 +H, + H: + (3)

where T'is temperature, ¢ is is time, C, is isobaric heat capacity and k is thermal
conductivity coefficient. Additional heat sources include adiabatic heating (H,),
radioactive heating (H,) and shear heating (H,):

DP
H, = aT (E) (4)
H; = faijélj 5)

where £ is fraction of work adding to shear heating. H, is implemented as a
constant for each rock type. Density changes related to thermal expansion a and
compressibility f are implemented following

p=p 1+ BE=P)] x[1-a(l-T)] (6)

where p, is reference density, P, is reference pressure (1 bar), T, is reference
temperature (273 K), a is thermal expansivity and /3 is compressibility.

Rheological model. The visco-elastic relation between stress and strain rate
follows a Maxwell-type model composed of a viscous and an elastic strain rate part

”

where G indicates the shear modulus and # the effective viscosity with lower

and upper cut-offs of 107 and 10* Pas, respectively. Elasticity is implemented by
adapting the effective viscosity depending on the ‘computational” time step and
the stress history*>**®. The objective co-rotational time derivative of visco-elastic
stresses is discretized as a function after applying first-order finite difference

Dr; - td
=— (8)
Dt At
with
Ty = 2857+ 13 (1 - 2) )
and the visco-elasticity factor
At x AG
=—— (10)
n+ At x AG
with 7 as effective viscosity, which leads to the numerical visco-elastic viscosity
nxAtxG
=X L= — 11
M =11 n+AtxG an

used to solve the set of equations.
The viscous strain rate is composed of both dislocation and diffusion creep
following the general power law for a viscous implementation':
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(12)

E4+PxV
&= Ap xszO’xa"xdmxexp<7+7x),

RT

where A}, is pre-exponent, fH,O is water fugacity, r is water-fugacity exponent, o is
stress, 7 is stress exponent, d is grain size, m is grain-size exponent, E is activation
energy, Vis activation volume and R is gas constant (8.314]J K" mol ™).

Viscosities for dislocation creep 4, and diffusion creep 74, are calculated
separately by reformulating the general viscous power law (equation (12)):

1 1— _ E+ PV
Nasair = 0.5 X A0 x o™ x d™" x exp < RT ) (13)
with
— 1 2 14
o = ETU. ( )
The composite viscosity resulting for the simultaneous occurrence of
dislocation and diffusion creep follows
1 1\
n = (7 + 7) (15)
Naiw Naite

Extended Data Fig. 1 shows vertical viscosity (Extended Data Fig. la—c) and
strength profiles (Extended Data Fig. 1d-f) for variable grain sizes, strain rates
and hydrogen concentrations. Such an illustration helps interpret the dominating
deformation mechanism in the uppermost mantle depending on the investigated
variables.

Plastic failure occurs if the visco-elastic differential trial stresses exceed the
yield stress (F>0) according to the Drucker—Prager yield criterion with a flow
potential resulting in a dilation angle of zero:

F = o1 — Gy (16)

where

6y =P x (1 — 1) xsing+ C x cosg 17)

where C is cohesion, ¢ is friction angle and 4; is fluid pressure ratio. Exceeded
stresses are kept within the failure envelope by decreasing the plastic viscosity 7, to
maintain those stresses

Oy

= 18
T = 2 (18)
where
1
&y = Eéiz» (19)

The effective viscosity going into the viscous part of the Maxwell rheological
model follows
7 = min (nv, ﬂp> . (20)
After interpolation of the Eulerian velocity field onto the Lagrangian markers,
stress changes and plasticity are calculated on those. The updated effective viscosity
is then interpolated back onto the Eulerian nodes and used to solve the system

of equations. Time steps exhibit maximally <1,000yr following a Courant number
of 0.25.

Grain-size-evolution model. Grain size is calculated on the basis of the
palaco-wattmeter”, in contrast to grain-size pinning and damage in a
two-phase medium. Grain size depends on independently acting growth

and reduction terms*>* (see ref. ** for a comparison). Grain-size reduction
rate is related to mechanical work executed by dislocation creep (cé4;q) and is
described by

CéggAd®
dred = — >
cy

@1

where o is stress, &g is dislocation-creep strain rate, ¢ is a geometric constant

(= for spheric grains), y is the grain boundary energy (1.4] m for olivine’’) and A
denotes the fraction of work that goes into grain-size reduction (A=1-§), whereas
the rest of the work goes into the shear heating term (H;; see equation (5))"' .
Fitting experimentally derived olivine grain sizes versus expected grain size using
the palaeo-wattmeter with the grain-growth law constrained by ref. ** and others
resulted in a 4 of 0.01 (Extended Data Fig. 3a). The constrained fraction of work
that adds to the grain-size reduction term is substantially smaller than previously
applied fractions of 1=0.1 (refs. "***7). However, a recent study demonstrated that
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the energy partitioning factor A of olivine ranges between 0.003 and 0.040 for a
wide spectrum of pressure and temperature conditions* (Extended Data Fig. 5).
Grain-growth rate follows a normal relationship given by

E, PxV,
g t g>p—1d1—p’

dgr = KgfH,0 exp <7 <7 (2)

where K, is growth-rate constant, fH,O is water fugacity, E, is activation energy, V,
is activation volume, P is pressure, T is temperature, R is gas constant, d is grain size
and p is growth exponent. We applied experimentally derived olivine grain-growth
parameters by ref. ** and others that result in significantly slower grain growth than
previous constraints® (Extended Data Figs. 3b and 6). The new grain size d,,,, is
calculated on the Lagrangian markers following

dnew = (agr - dred) x Dt (23)
and then goes into the power-law creep calculation for diffusion creep
(equation (13)).

Model set-up. The Eulerian model domain measures 1,000 X 670 km in x and y
directions, respectively (Extended Data Fig. 2). The nodal resolution is 501 X 336
in x and y directions, which results in a cell size of 2 X 2km. Rock type, rheological
information and mechanical, thermal and grain-size material properties (Extended
Data Tables 1-4) are stored on 25 Lagrangian markers per Eulerian cell. The initial
marker distribution (Extended Data Fig. 3) describes, from top to bottom, (1) a
10-km-thick layer of low-viscosity sticky air, which allows for a quasi-stress-free
surface (air-rock interface)™, (2) a 23-km-thick upper continental crust with
quartzite rheology>”, (3) a 10-km-thick lower continental crust with anorthite
rheology” and (4) 627 km of upper mantle with dry or wet olivine rheology'.
Although no olivine occurs below 410 km depth (transition to wadsleyite,
ringwoodite and majorite), olivine rheology is implemented here for the entire
upper mantle for simplification and due to the lack of respective flow laws. A weak
inclusion of 4 x4 km of quartzite rheology is placed in the lower continental crust
at x=>500km to localize rifting at the centre of the model (Extended Data Fig. 2).

Fugacity in the upper continental crust is calculated after ref. ”°. In the upper
mantle, fugacity is implemented as constant hydrogen concentration obtained and
constrained following the Paterson calibration’” with values of Cy,; =50, 175, 600 or
2,500 H/10° Si, covering the range of estimated values obtained from experimental
studies'"" as well as measurements from mid-ocean-ridge basalts*>” and peridotite
xenoliths*, which affects both viscosity (equation (13)) and grain growth
(equation 22)). Elevated hydrogen concentrations in the upper mantle are
introduced due to dehydration of subducting slabs or released from the mantle
transition zone”.

The initial temperature distribution describes 0°C within the sticky-air
layer, a linear increase from 0°C at the surface (y=10km) to 660 °C at the Moho
(y=43km), and from there to 1,345 °C at the thermally induced LAB at 150km
depth (y=160km). Below the LAB, a static temperature increase of 0.5°Ckm™"
is introduced. Such a temperature distribution is in agreement with the thermal
structure of the lithosphere below continents™.

Oceanic crust with an anorthite-diopside (50/50) rheology*' is produced if
mantle rock markers less than 8 km below the surface (air-rock interface) have a
temperature of <400 °C.

Boundary conditions. Lateral boundaries prescribe a constant horizontal velocity
of v,=-0.5 cm yr~' on the left and v,=0.5 cm yr~' on the right side (Extended
Data Fig. 1). In addition, experiments with a total horizontal divergence of 4 and
8cmyr ! were conducted (Extended Data Fig. 6¢,d). Vertical velocities at lateral
boundaries prescribe a free-slip condition (zero shear stress). Top and bottom
boundaries exhibit vertical velocities to ensure conservation of area during
divergence (Extended Data Fig. 1) and horizontal velocities prescribing free slip.

Initial grain-size distribution. Grain sizes in the crust remain constant at

1 mm. Initial grain size in the mantle of all experiments in the main figures
logarithmically increases from 5mm at the Moho to 10 cm at the LAB and 10cm
throughout the lower part of the mantle. Extended Data Fig. 3 shows the grain-size
distribution within the uppermost 300 km after 10 Myr (Extended Data Fig. 3a)
and the temporal evolution of average grain size between 200 and 410 km depth
(Extended Data Fig. 3b) for different initial conditions. Grain sizes within the
lithosphere are driven mainly by the reduction term due to lower temperatures.
High temperatures and thus fast growth rates allow the lower part of the model
domain to rapidly restore deformation-related reduced grain sizes. As a result, the
initial grain size within the lower 300km of the model is of little importance, while
initial grain sizes should be large enough throughout the lithosphere not to be
dependent on initial growth.

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

ah, Pk

or o (24)

where h is surface elevation and « is diffusion coefficient (10-°m?*s™!). Syn-tectonic
sediments have equal material and strength properties as the initial sediment
sequence.

Data availability
All input files used in the numerical modelling are available at https://doi.
org/10.3929/ethz-b-000545342%,

Code availability
The C and Matlab codes used for numerical experiments and visualization are
available at https://doi.org/10.3929/ethz-b-000545342°2,
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Extended Data Fig. 1| Lithospheric strength and viscosity profiles. Viscosity (a-c) and strength (d-f) profiles calculated by dislocation and diffusion creep
flow parameters given in Extended Data Table 1 for variable grain size (a, d), strain rate (b, e), and hydrogen concentration (c, f). Black: Dislocation creep.

Blue: Diffusion creep, constant grain size. Red: Diffusion creep, variable grain size between Moho and LAB (10-4-10-2m). Color in (e) and (f) show which
deformation mechanism is defining the strength.
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Extended Data Fig. 3 | (a) Fitting of experimentally measured and predicted olivine grain size, resulting in a A = 0.01%. (b) Predicted grain growth with
parameters from Speciale, et al.*® and an initial grain size of 10~*m for different hydrogen concentrations at 800, 900, and 1000 °C. (c, d)Testing variable
initial grain size distributions. (c) Profiles of grain size after 10 Myr between x = 10-100 km, where shear zone effects are absent. Blue: Constant initial grain
size of Tcm. Green: 5mm at Moho to 5cm at LAB. Yellow: 2.5 mm at Moho to 7 cm at LAB. Red: 5mm at Moho to 10 cm at LAB. (d) Temporal evolution of
average grain size between 200 to 410 km of the upper mantle. Blue: Initial grain size in lower part of upper mantle of 1cm. Green: Initial grain size in lower
part of upper mantle of 5cm. Yellow: Initial grain size in lower part of upper mantle of 7 cm. Red: Initial grain size in lower part of upper mantle of 10 cm.
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Extended Data Fig. 4 | Effect of grain boundary sliding (GBS) on upper mantle dynamics. Colors indicate the percentage of GBS strain rate relative to the
total strain rate for the upper mantle: T'ggs = écas/(é6as + &dist + &diff)- (@) Cop = 50 H/106Si. (b) Copy = 600 H/10°Si. The GBS flow law by Ohuchi et al.*

follows zgss = Agssf$%5 % exp (— Eanst JoP ) | with Aggs = 1074 MPa™, Nps = 3, Fegs = 1.25, Eggs = 423kJ, and Vgs = 17.6 cm?/mol.
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Extended Data Fig. 5 | Additional experiments with variable grain-size-evolution parameters. Viscosity of upper mantle, marker composition of crust
and deformation mechanism (red: diffusion creep, white: dislocation creep) of experiments with C,, = 600 H/10°Si and additional grain size parameters.
White lines denote isotherms up to 1300 °C. Blue contours indicate grain size. Grey and yellow colors: Continental crust marker composition. Green:
Oceanic crust marker composition. (@) A = 0.003. (b) A = 0.04. (¢) A = 0.1. (d) Grain growth parameter from Karato*?.
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Extended Data Fig. 6 | Additional experiments with variable rheology, constant grain size and faster divergence rates. (a) Viscosity of upper mantle,
marker composition of crust and accumulated viscous strain of experiments with pure dry dislocation creep mantle rheology. White lines denote
isotherms up to 1300 °C. (b-d) Viscosity of upper mantle, marker composition of crust and deformation mechanism (red: diffusion creep, white:
dislocation creep) of experiments with Co,; = 600 H/10°Si. a) Constant grain size of Tmm. b) Total divergence rate of 4cmyr-. ¢) Total divergence rate
of 8 cm/yr. White lines denote isotherms up to 1300 °C. Blue contours indicate grain size. Grey and yellow colors: Continental crust marker composition.

Green: Oceanic crust marker composition.
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Extended Data Table 1| Material parameters

Rock type P, (kg/m?) G (GPa) o (°)t C (MPa)t Ae ()
Sticky-air 1 100 - - -

Sediments 2500 100 30 (15) 10 (1) 0.7

Upper continental crust 2700 100 30 (15) 25 (1) 0.4
Lower continental crust 2800 100 30 (15) 25 (1) 0
Oceanic crust 3000 100 30(15) 25 (1) 0
Upper mantle 3300 100 30 25 (10) 0

T Values in brackets indicate strain weakened value
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Extended Data Table 2 | Flow law parameters

Rock type Deformation mode A, (Pa"®) n(-) m(-) fH,0 (Pa)* r(-) Q(ki/mol) Reference
Sticky-air linear 510%® 1 - - - - Crameri et al., 2012
sediments (quartzite) dislocation  631:10%° 4 0 5521-10%exp(-(31.28:10°-2.009-10°-P)/(R-T)) 1 135 Hirth et al., 2001
diffusion 6.31.10° 1 2 - - 220 Brodie and Rutter, 2000
Upper continental crust dislocation 6.31:10%° 4 0 5521-10%exp(-(31.28-10°-2.009-10°-P)/(R-T)) 1 135 Hirth et al., 2001;
(quartzite) diffusion 631-10° 1 2 - - 220 Brodie and Rutter, 2000
Lower continental crust dislocation 5.01-10% 3 0 - - 648 Rybacki and Dresen, 2000
(anorthite) diffusion 126102 1 3 - - 467 Rybacki and Dresen, 2000
Oceanic crust (anothite- dislocation 21410 41 0 - - 723 Dimanov and Dresen, 2005
diopsid 50/50) diffusion 12110 1 3 - - 436 Dimanov and Dresen, 2005
Dry upper mantle dislocation 1.1-10% 35 0 - - 530+17-10°-P Hirth and Kohlstedt, 2003
(olivine) diffusion 1510 1 3 - - 375+6:10°P Hirth and Kohlstedt, 2003
Wet upper mantle dislocation 9.10%®° 35 0 Con 1.2 480+11-10°%P Hirth and Kohlstedt, 2003
(olivine) diffusion 1107 1 3 Con 1 335+4-10°P Hirth and Kohlstedt, 2003

*Water fugacity after Shinevar et al. (2015); Coy = 50, 175, 600, 2500 H/10°Si
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Extended Data Table 3 | Thermal parameters

Rock type Co (kg/m?) k (W/m/K) o(1/K) B (1/Pa) H, (-)
Olivine 3-10° 200 0 - -
Sediments 1000 2.5 2110° 45107 2:10°
Upper continental crust 1000 2 2:10° 4510 2:10°°
Lower continental crust 1000 1.6 2:10° 4510™ 2-10”
Oceanic crust 1000 2 2:10° 4510 2:107
Upper mantle 1000 1.6 2:10° 4510 2:10°®

C, = Heat capacity

k = Thermal conductivity
o = Thermal expanivity
B = Compressibility

H, = Radioactive heating
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Extended Data Table 4 | Grain size evolution parameters

Rock type Upper mantle (olivine) Reference
Reduction parameters
c(-) 3.1415 Austin and Evans, 2007
Y (/m?) 1.4 Duyster and Stoéckert, 2001
A(-) 0.01 this study
Growth parameters
Kg (m®/s)* 3 Speciale et al., 2020
p(-) 3.2 Speciale et al., 2020
fH,0 (Pa)t Con Hirth and Kohlstedt, 1996
E; (kJ/mol) 620 Speciale et al., 2020
V, (m*/mol) 5.10°° Speciale et al., 2020
*Value adapted for reference model with Cy,, = 600 H/10°Si

Con = 50, 175, 600, 2500 H/10°Si
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