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Algorithm description

As common in continuum mechanics, we solve the thermomechanically coupled equa-
tions for continuity of material, conservation of momentum and energy expressed w.r.t

temperature, T, as

0’07;

aO'ij
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o, P 9 (2)
DT 0 oT

pP Cp D_t = axz (k 8%) +HA+HD+HR > (3)

where v is velocity, z is the coordinate, i and j indicate the horizontal (j,j=1) or

vertical (i,j=2) direction, p denotes density, g, = [O; —9.81] are the components of the

D
Dt

gravitational acceleration vector, cp is heat capacity, k£ is thermal conductivity, is
the material time derivative, H, Hp and Hpg are contributions resulting from adiabatic
processes, viscoplastic dissipation and radiogenic heat production, respectively. We here
employ the extended Boussinesq approximation, i.e. the slowly flowing fluid is considered
to be incompressible, density changes are only taken into account when multiplied with

gravitational acceleration and adiabatic processes only impact on temperature (Candioti

et al., 2020). The total stress tensor components are defined as

Uij = _P(SU + 2 neﬁ 6(;& , (4)
where 6; = 0 if 4 # j, or §; = 1 if i = j, n° is the effective viscosity, é%ﬁ are the
components of the effective deviatoric strain rate tensor,
TO
eff [ - i
E?j - (gij+ QGAt) ) (5)
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where G is the shear modulus, At is the time step and 75 are the deviatoric stress ten-
sor components of the preceding time step. We consider visco—elasto—plastic rheologies
by additive decomposition (Maxwell model) of the total deviatoric strain rate tensor com-
ponents &;; into contributions from the viscous (dislocation, diffusion and Peierls creep),

plastic and elastic deformation as

gy = 00 4 &P 4 gdis o gdily gPel (6)
Furthermore, we perform an iteration cycle locally on each grid cell until Eq. 6 is
satisfied (e.g., Popov & Sobolev, 2008). The effective viscosity for the dislocation and

Peierls creep flow law is a function of the second invariant of the respective strain rate

dis.oci o
components ;> = 71/ (2ndisPel)

is zl;nn —L 0 dis\ + PV -
N =T (AT GHE " exp (%) (fi0) ™ (7)

where the ratio in front of the pre-factor  is a correction factor (e.g., Schmalholz &
Fletcher, 2011). A, n, @, V, fu,0 and r are material parameters determined in laboratory
experiments. Diffusion creep is taken into account for the mantle material and its viscosity

is defined as

. 1 PV r
= 3 A™hd™ exp <%) (fio0) (8)

where d is grain size and m is a grain size exponent. Effective Peierls viscosity is
calculated using the experimentally derived flow law by (Goetze & Evans, 1979) in the

regularised form (Kameyama et al., 1999) as
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where s is a stress exponent:
Q
=2~ —(1—7). 10
s=27 3 T( 7) (10)

Ain Eq. (9) is

A= |:Ap exp (— Q(lR—_TW)]l Yyop (11)

where Ap is a pre-factor, v is a fitting parameter and op is a characteristic stress
value. Brittle-plastic failure is included by limiting the stresses by a Drucker-Prager yield

function

F=m—Psing— C cos¢, (12)

where ¢ is the internal angle of friction and C' is the cohesion. In case the yield condition
is met (F' > 0), the equivalent plastic viscosity is computed as
P sing + C cos ¢

la
77p = 2&;(13%{ ( 1 3)

and the effective deviatoric strain rate is equal to the plastic contribution of the devi-
atoric strain rate (Eq. 5). At the end of the iteration cycle, the effective viscosity in Eq.

4 is either computed as the quasi-harmonic average of the viscoelastic contributions

T = (gt +m+ ), F<O
P L F>0
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or is equal to the viscosity P calculated at the yield stress according to Eq. 13. Rigid

body rotation is computed analytically at the end of each time step as

Ty = RT Tij R y (15)
cosf —sinf

R = {sin@ cos 1 ’ (16)

0 = At Wij (17)
1 an 8%

kA 5(8:@ N axj> ’ (18)

(19)

where R is the rotation matrix, T is the transpose operator, 6 is the rotation angle and
w;; are components of the vorticity tensor.

Data Set S1.

Movie S1.

Audio S1.

References

Candioti, L. G., Schmalholz, S. M., & Duretz, T. (2020). Impact of upper mantle con-
vection on lithosphere hyperextension and subsequent horizontally forced subduction
initiation. Solid Farth, 11(6), 2327-2357.

Goetze, C., & Evans, B. (1979). Stress and temperature in the bending lithosphere
as constrained by experimental rock mechanics. Geophysical Journal International,
59(3), 463-478.

Hansen, F., & Carter, N. (1983). Semibrittle creep of dry and wet westerly granite at

1000 mpa. In The 24th us symposium on rock mechanics (usrms).

May 6, 2021, 8:49am



X-6

Hilairet, N., Reynard, B., Wang, Y., Daniel, 1., Merkel, S., Nishiyama, N., & Petitgirard,
S. (2007). High-pressure creep of serpentine, interseismic deformation, and initiation
of subduction. Science, 318(5858), 1910-1913.

Hirth, G., & Kohlstedt, D. (2003). Rheology of the upper mantle and the mantle wedge:
A view from the experimentalists. Geophysical Monograph-American Geophysical
Union, 138, 83-106.

Holland, T., & Powell, R. (1998). An internally consistent thermodynamic data set for
phases of petrological interest. Journal of metamorphic Geology, 16(3), 309-343.
Kameyama, M., Yuen, D. A., & Karato, S.-I. (1999). Thermal-mechanical effects of low-
temperature plasticity (the peierls mechanism) on the deformation of a viscoelastic

shear zone. Earth and Planetary Science Letters, 168(1-2), 159-172.

Kronenberg, A. K., Kirby, S. H., & Pinkston, J. (1990). Basal slip and mechanical
anisotropy of biotite. Journal of Geophysical Research: Solid Earth, 95(B12), 19257
19278.

Mackwell, S., Zimmerman, M., & Kohlstedt, D. (1998). High-temperature deformation of
dry diabase with application to tectonics on venus. Journal of Geophysical Research:
Solid Earth, 103(B1), 975-984.

Pelletier, L., Miintener, O., Kalt, A., Vennemann, T. W., & Belgya, T. (2008). Emplace-
ment of ultramafic rocks into the continental crust monitored by light and other
trace elements: An example from the geisspfad body (swiss-italian alps). Chemical
Geology, 255(1-2), 143-159.

Philpotts, A., & Ague, J. (2009). Principles of igneous and metamorphic petrology.

Cambridge University Press.

May 6, 2021, 8:49am



Popov, A., & Sobolev, S. V. (2008). Slim3d: A tool for three-dimensional thermomechan-
ical modeling of lithospheric deformation with elasto-visco-plastic rheology. Physics
of the earth and planetary interiors, 171 (1-4), 55-75.

Ranalli, G. (1995). Rheology of the earth. Springer Science & Business Media.

Rybacki, E., & Dresen, G. (2004). Deformation mechanism maps for feldspar rocks.
Tectonophysics, 382(3-4), 173-187.
Schmalholz, S. M., & Fletcher, R. C. (2011). The exponential flow law applied to necking
and folding of a ductile layer. Geophysical Journal International, 184 (1), 83-89.
Schmid, S., Boland, J., & Paterson, M. (1977). Superplastic flow in finegrained limestone.
Tectonophysics, 43(3-4), 257-291.

Stixrude, L., & Lithgow-Bertelloni, C. (2011). Thermodynamics of mantle minerals-ii.
phase equilibria. Geophysical Journal International, 184 (3), 1180-1213.

Winter, J. D. (2013). Principles of igneous and metamorphic petrology. Pearson educa-
tion.

Workman, R. K., & Hart, S. R. (2005). Major and trace element composition of the

depleted morb mantle (dmm). Farth and Planetary Science Letters, 231 (1-2), 53-72.

May 6, 2021, 8:49%am
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Figure S1. a & d Velocity boundary condition values defined at the western and eastern
boundary. Duration of deformation periods as follows: extension = 50 Myr, no deformation =
60 Myr, convergence = 30 Myr with 1.5 cm yr~! and 1.0 cm yr—! until the end of the simulation.
b Entire model domain, initial thermal profile and mechanical boundary conditions at the top
and bottom boundary. White to red colour is the viscosity field in the mantle calculated by
the numerical algorithm and yellow to orange and green colours are the upper and lower crust,
respectively. Rheological parameters used for crustal matrix = Wet Anorthite with weakening
prefactor 0.3 during extension and cooling, Westerly Granite during convergence; lithosphere and
upper mantle = Strong mantle, elliptical inclusions in the lithosphere = Weak mantle. Material
parameters for all phases as indicated in Table S1. ¢ Enlargement of the domain centre. Colouring

in all subplots as indicated in the figure legend.
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Figure S2. Numerical metamorphic facies variability using maximum pressure or maximum
temperature. Pressure-temperature evolution of numerical marker with tectonic pressure (solid
black line) compared to marker of close proximity, without significant tectonic pressure (dashed
black line). a Temperature evolution through time. b Pressure evolution through time. c
Pressure-temperature evolution overlaying metamorphic facies grid (adapted from Philpotts &
Ague, 2009) indicating disparity of predicted metamorphic facies for solid black line marker,

using maximum pressure (blueschist) or maximum temperature (greenschist).
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Table S1. Physical parameters used in the numerical simulations.

Model unit Rheology (Reference) EWm K™ Hg [Wm™J] C [Pa] o []
Crustal matrix 1** Wet Anorthite (Rybacki & Dresen, 2004) 2.25 1.0200x10°° 1x107 30
Crustal matrix 2**Westerly Granite (Hansen & Carter, 1983) 2.25 1.0200x107¢ 1x107 30
Weak inclusion™* Wet Quartzite (Ranalli, 1995) 2.25 1.0200x107° 1x10° 5
Strong inclusion** Maryland Diabase (Mackwell et al., 1998) 2.25 1.0200x 106 1x107 30
Calcite*® Calcite (Schmid et al., 1977) 2.37 0.5600x 1075 1x107 30
Mica®* Mica (Kronenberg et al., 1990) 2.55 2.9000x107¢ 1x107 15
Lower crust*? Wet Anorthite (Rybacki & Dresen, 2004) 2.25 0.2600x 1076 1x107 30
Strong mantle*®  Dry Olivine (Hirth & Kohlstedt, 2003) 2.75 2.1139x1078 1x107 30
Weak mantle*° Wet Olivine (Hirth & Kohlstedt, 2003) 2.75 2.1139x1078 1x107 30
Serpentinite*? Antigorite (Hilairet et al., 2007) 2.75 2.1139x107® 1x107 25
Dislocation creep A [Pa=""s71] ¢[] n ] Q [Jmol™!] V [m3mol™1] r[]
Crustal matrix 1 3.9811x10716 0.3%, 1.0 3.0 356x10° 0.00x107% 0.0
Crustal matrix 2 3.1623x107% 1.0 3.3 186.5x10*  0.00x107% 0.0
Weak inclusion 5.0717x 10718 1.0 2.3 154x103 0.00x107° 0.0
Strong inclusion 5.0477x10~2% 1.0 4.7 485%103 0.00x10~¢ 0.0
Calcite 1.5849x 1072 1.0 4.7 297x103 0.00x10~¢ 0.0
Mica 1.0000x 10138 1.0 18.0 51.0x103 0.00x10-¢ 0.0
Lower crust 3.9811x10716 1.0 3.0 356x 103 0.00x10~° 0.0
Strong mantle 1.1000x 10716 1.0 3.5 530x 103 14.0x107 0.0
Weak mantle! 5.6786x 10727 1.0 3.5 480x 103 11.0x107¢ 1.2
Serpentinite 4.4738%10738 1.0 3.8 8.90x103 3.20x107% 0.0
Diffusion creep? APa""m™ s m[] n[] Q [Jmol™!] V [m*mol™!] r[]
Strong mantle 1.5000x 10~ 1% 3.0 1.0 370x 103 7.5x107° 0.0
Weak mantle! 2.5000x10~2% 3.0 1.0 375x103 9.0x1076 1.0
Peierls creep Ap [s71] Q [Jmol ']V [m3mol 1] op [Pa] 7 1]

Mantle? 5.7000x 10™ 540x 103 0.0x107° 8.5x107 0.1

* ep=1050 [Jkg L K]

G = 2x101° [Pa], po = 2800 [kgm3],a = 3.5 x 1075 [K™!], B =1 x 107 [Pa™!]

¢ G = 2x101 [Pa]

= 2x101° [Pa], po = 2900 [kgm™3],a = 3.5 x 1075 [K7!], B =1 x 107 [Pa™!]

4 @ =1.81x10 [Pa], py = 2585 [kgm 3], = 4.7 x 107° [K~], 5 =1 x 107! [Pa~]

Weakening prefactor employed during extension and cooling.

1A water fugacity fu,0 = 1.0x10° [Pa] is used. For all other phases fg,0= 0.0 [Pa].

[\

3 Reference: (Goetze & Evans, 1979) regularized by (Kameyama et al., 1999)

A constant grain size d = 1x1073 [m] is used.
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Table S2. Bulk rock composition and solution models used for phase equilibrium modelling

1 Bulk rock modified after (Winter, 2013)
2 Bulk rock modified after (Pelletier et al., 2008)
3 Bulk rock modified after (Workman & Hart, 2005). We assume water saturation in all

calculations. Crosses denote solution models used for given lithologies.
4 Thermodynamic database: (Holland & Powell, 1998) updated in 2002

> Thermodynamic database: (Stixrude & Lithgow-Bertelloni, 2011) for depleted MORB man-
tle (DMM). Details on the solution models can be found in the solution_model.dat data file in

Perple_X.
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