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Methods: Governing Equations

We use a 2D thermomechanical numerical code based on the primitive variable particle-
in-cell finite-difference method developed by Taras Gerya and others (Gerya, 2010; & references
therein). We solve the system of equations for conservation of mass and momentum:
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where g is the vertical component of the gravity; P is the pressure (mean normal stress); vxand vy
are the horizontal and vertical components of the velocity vector v; p is the density given by the
equation of state;

p=pr[1+BP—-P)][1-a(l-T.)] (2

in which p, is the density of a material at the reference pressure P, (10° Pa) and temperature 7
(273 K); B and a are the compressibility and coefficient of thermal expansion; and o;;
corresponds to the deviatoric stress tensor

O-l',j = O'ij + P 5‘] (3)



where g;; is hydrostatic stress. The deviatoric stress components can be formulated via the strain

rate tensor components £;; and effective viscosity
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The energy (heat) conservation equation in 2D is represented by the heat advection-

diffusion equation;
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where T is temperature, Cp is the heat capacity, H; is the radioactive heating and & is the thermal
conductivity that decreases with increasing temperature (see Supplementary Table 1). Shear

heating H; is calculated using the non-elastic strain rate and adiabatic heating H. as:

Hg = o;;(&;; — £§1%) (6)
H, = Tal;—f (7)

We adopt a temperature-pressure dependent visco-elasto-plastic theology based on the
assumption that viscous, elastic and plastic deformations are happening under the same
deviatoric stress (Gerya, 2010). The total strain rate can be represented by the summation of

these three strain rate components.
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and slpj are elastic, viscous and plastic strain rates, respectively; is the co-

!

rotational objective time derivative of o;;, p is the shear modules;  is the plastic multiplier and



oy is the second invariant of the stress tensor. We parametrize the plastic strength of rock, 0014,
using the Drucker-Prager yield criterion in the presence of pore fluid pressure Pryy,iq
ineld =C+P Sln(Q) (9)

where

Prluid
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in which the local plastic strength of rocks depends on the mean stress of the solid material P =
Psolid, the cohesion C, and the effective internal friction angle 8 calculated from that of dry rocks
84ry, and the pore fluid pressure factor Asy,;4. This prescribed factor is introduced in a way that
Pryiq reduces 0y;e4 Of fractured fluid containing rock (Dymkova and Gerya, 2013; Dymkova et
al., 2016). The pore fluid pressure is determined numerically with Ag,,;4 = 1 for dry rocks.
Numerical models of subduction suggest Agp;q = 0.001 is required for easier initiation of
subduction by creating a weak layer between subducting and overriding plates (Sizova et al,
2013). In this study, we use Agpyiq = 0.001 that sufficiently weakens the dry continental
lithosphere due to the ascending melt. Additionally, we adjust the yield criterion parameters for
strain weakening using a linear model,
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where, ¢ is the accumulated strain and y and y; are the minimal and maximal strains,
respectively.
Following, Moresi et al., (2003) and Gerya (2010), the deviatoric stress is obtained from

the objective time derivative function using a backward finite-difference
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in which At is the computational time-step, O'i’;) is the deviatoric stress from the previous time
step and 7,,, is a viscosity-like Lagrangian parameter incorporating the intensity of the plastic
deformation.

The effective dislocation creep viscosity is estimated as a function of both pressure and

temperature of the material and is formulated in terms of stresses [Ranali, 1995].

1 _ Eg+V,P
n = S Apo mexp (Fre) (12)

where Abp is the pre-exponential factor, Ea is the activation energy, Va is the activation volume,
and n is the rheological exponent; all determined experimentally, P is the pressure, and R is the
gas constant. Rock/material properties used in these simulations are listed in Supplementary
Table 1.

We simulate melt production using a batch melt model in which the volumetric melt
fraction M, is assumed to increase linearly with temperature at a given pressure according to the

relations below (Gerya and Yuen, 2003; Burg and Gerya, 2005).

0 atT < Tsolidus
(T=Tsotidus)
Mo = (Tliquiduzo—l;"dstjidus) at Tsolidus <T< Tliquidus (13)
1 atT = Tliquidus
where
T _ {394 + 0.132899P — 0.000005104P> fOT' P < 10000 MPa (14)
solidus ™ | 2212 + 0.030819 (P - 10000) for P > 10000 MPa

Tiiquidus = 2073 + 0.114P (15)



where Tioliaus and Tliquiaus are the rock solidus and liquidus temperatures (in kelvin) as a function
of pressure (in MPa) for dry asthenosphere, lithospheric mantle, and plume material (Fig. S3).
We assume that melt segregates and escapes from the melting zone via channels and dykes
towards the surface instantaneously in comparison to the size of the model’s discrete time step
[Schmeling, 2006; Gerya 2010]. However, the ascending melt weakens the rocks according to
(9). At each time step, we limit the amount of melt that is transported to the surface with a melt
extraction threshold Mmax = 4% that leaves behind a non-extractable amount of melt Muin = 2%
in the melt region [e.g. Nikolaeva et al., 2008; Sizova et al., 2010]. The total amount of melt, M,
is calculated considering the previously extracted melt as follows

M =M, = XnMext (16)
where ), M,,; is the amount of melt extracted during the n previous extraction events. The total
amount of extracted melt during the evolution of the model is tracked by markers until 100%, at
which point the marker becomes refractory. The effective density, p, ¢ of partially molten rock

is calculated from:

Peff = Psolid — M(psolid - pmolten) (17)

where pgpiiq and Pmoicen are densities of solid and molten rocks (Supplementary Table 1).
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Figure S1: a) Cumulative volume of extracted melt for an extended lithosphere under present-
day ambient mantle temperature Tp with a plume of temperature Texc introduced during the syn-
rift phase. Extension is stopped at 0 Myr once crustal thinning reaches > 3.0. The shaded area
in a) corresponds to the minimum and maximum cross-sectional area of estimated MCR flood
basalt (Elling et al., 2020). The syn-rift melt volumes are extremely large as well as post-rift melt
production is negligible. Therefore, this is not a viable method to simulate the MCR. b) A syn-
rift snapshot of the model space, corresponding to gold line in a), depicting melt generation due
to a mantle plume and lithospheric erosion by small scale convection. The 1300 °C isotherm is
shown in blue.
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Figure S2: a) Extracted cumulative melt for an extended 150 km thick lithosphere with AT +
Texe = 300 °C as a function of time. Extension is stopped at 0 Myr once crustal thinning reaches S
> 3.0. The shaded area in a) corresponds to the minimum and maximum cross-sectional area of
estimated MCR flood basalt (Elling et al., 2020). The syn-rift melt volumes are extremely large,
whereas the post-rift melt production is negligible. Therefore, this model is not a realistic
simulation for the MCR. b) A syn-rift snapshot of the model space, corresponding to the gold
line in a), depicting melt generation due to a mantle plume and lithospheric erosion by small
scale convection. The 1300 °C isotherm is shown in blue.



a) T =1393°C, T =200°C b) T =1443°C, T_ =175°C
5 — 0 = —
‘o '
50 s 50 5
L 5 J L % J
1 1
0 g )
| et | it
100 1 4 100} q 4
i 1
150 F 1y 4 150 F . 4
[ 1
| 1
200} ‘ : __200} ' 1
E E
=< =
£ 250+ 4 £ 250+ q
3 : 3
Q i Q
300} [RCI 300 .
)
9L
350 ig A 350 1
T =)
(7]
400 4 400 1
450 L[ nitial HE 450 L[ nitial _
Extended Extended
— Plume —Plume :
500 L . L 500 L . o~
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Temperature (°C) Temperature (°C)
o T =1418°C, T__ =200°C d) T =1393°C, T =225°C
p exc p exc
0 T T T T 0 T T T T
o "o
o Vo
50 'z 4 50 ) 4
' g | g
100} 4 1 100 ! 1
i i
1 ¢
150} 1 4 150} ) 4
1 1, %
] (I
__200F ! E _200f ‘ E
E E
< <
£ 250+ 4 £ 250+ 4
& &
[a] He3 o ia
300 R 300 Q1
iy i
32 =
350 S 350 S
i S s =
7] )
400 . 400 i .
450 |-[—Initial i 450 |-[—Initial d
Extended Extended
—Plume —Plume
500 . : - 500 . : o
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Temperature (°C) Temperature (°C)

Figure S3: Geotherms corresponding to models in Figure 2c. Shown are the initial model
geotherm, the geotherm in response to extension (extended) just before the arrival of the plume,
and the extended geotherm perturbed by the plume head arrival (plume). Also shown are the
adiabat intersecting the surface at corresponding mantle potential temperature Tp and the dry

solidus depicting the onset of melting, Eq. 14. Panel d) corresponds to Figure 2d and simulation
movie DR4 (Figure2D.mp4).
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Figure S4: The maximum temperature corresponding to models in Figure 2d that is reached
within the melt extraction region (Figure 1b) as a function of time relative to the end of active
extension in the rift (0 Myr). The sudden increase in maximum temperature corresponds to the

arrival of the plume head.
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Figure S5: Temperature and viscosity distribution in a model 5.4 Myr post-rift corresponding to
Figure 2d. Model mantle potential temperature Tp = 1393 °C and initial plume excess
temperature Texc = 225 °C.



Movie Description

1) Supplemental Video 1 — Full simulation of manuscript Figure 2B.

2) Supplemental Video 2 — Full simulation of manuscript Figure 2D.

3) Supplemental Video 3 — Full simulation of supplementary Figure S1B.

4) Supplemental Video 4 — Full simulation of supplementary Figure S2B.



Symbol Sticky air Sedimen‘F Upper crust Lowgr crust Mantle lithogphere Asthenogphere Mantle l?lgme

(wet quartzite) | (Granodiortite) (Diorite) (Dry Olivine) (Dry Olivine) | (Dry Olivine)
po  (kg/m?) 1.22 2600 2700 2850 3300 3300 3300
Pmett (kg/m3) - 2400 2400 2400 2900 2900 2900
a (K 3x107 3x10° 3x10° 3x10° 3x10° 3x10° 3x10°
S (Pal) 1x10™" 1 x10™"! 1 x10™"! 1 x10™"! 1 x10™"! 1 x10™"! 1 x10™"!
Apchem (kg/m?) - 0 0 0 -15 0 5
Ap (1/s/MPa") - 3.2x10™ 3.2x10™ 3.3x10™ 2.5x10™ 2.5x10™ 2.5x10™
n - 2.3 2.3 3.2 3.5 3.5 3.5
Ea (kJ/mol) ; 154 154 238 530 530 530
Va (cm?) - 0 0 0 10 10 10
n (Pa.s) 1x10""® - - - - - -
u (Pa) 1x10™%° 1x10™1° 1x10™1° 2.5x10"° 6.7x10™"° 6.7x10™"° 6.7x107"°
Co (MPa) 0 10 10 10 10 10 10
C: (MPa) 0 3 3 3 10 10 10
sin(6o) 0 0 0.6 0.6 0.6 0.6 0.6
sin(01) 0 0 0.075 0.075 0.6 0.6 0.3
Yo 0 0 0 0 0 0 0
Vi 1 1 0.1 1 1 1 1
Cp 3000 1000 1000 1000 1000 1000 1000
ko (W/m/K) 300 0.64 0.64 1.18 0.73 0.73 0.73

807 807 474 1293 1293 1293

k (W/m/K) 0 0.64 + 177 0.64 + T 77 1.18 + 177 0.73 + T 77 0.73 + T 77 0.73 + T %77

h; (W/m3) 0 1x10°° 1.14 x10° 2 x10” 2.2x10% 2.2x10% 2.2x10*

Table S1. Material parameters






