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S1: Model Approach

Governing equations

We use a finite element code to solve the equations of mass, momentum, and energy
conservation branched from MILAMIN (Dabrowski et al., 2008). The model includes a dynamic
topography by using a stress-free surface (Andrés-Martinez et al., 2015), and has previously been used
to investigate geological problems such as melting and serpentinisation (Ros et al., 2017), feedback
from surface processes (i.e., erosion and sedimentation) on the architecture and evolution of passive
margins (Andrés-Martinez et al., 2019), and sedimentation and unconformity patterns at continental
margins during rifting and breakup (Pérez-Gussiny¢ et al., 2020). Deformation and pressure are

calculated by solving Stokes force-balance equation:

V-t—=VP+pg=0 (S1)

where Tt is deviatoric stress, P the total pressure, p the density and g the gravitational

acceleration, and mass conservation equation:

V-v=0 (S2)

where v is velocity. Temperature is estimated by solving the energy conservation equation:

DT

where Cp is the effective heat capacity, T is the temperature, ¢ is the time, £ is the thermal conductivity,

Hy is the crustal radioactive heat production, and Hg is the shear heating production that depends on



stress and strain rate. To consider the cooling effects of seawater circulation, we increase the thermal

conductivity, &, in the areas where faults and fractures are assumed to bring water into the basement:

I = {Nu-ko Z<6kmandT < 600°C (S4)
Lk, Z=6kmor T =600°C
where Z is the depth below seafloor and 7 is temperature, Nu is a dimensionless quantity, which we

assume to take the value of 8 in our reference model, and ko is the base thermal conductivity.

Rock Rheology models

Visco-elasto-plastic rheology is achieved by adopting an additive decomposition of the
deviatoric strain rate into elastic, viscous, and plastic components. The relation between shear stress t

and effective viscosity 1.5 described as:

where ¢ the deviatoric strain rate.

The Drucker-Prager yield equation is adopted to evaluate whether the material deforms
plastically or visco-elastically. Plastic deformation dominates the model when the second invariant of

deviatoric stress oy , is larger than the plastic yield stress g;,;0;4, which is defined as:

Oyieta = P sing + C cose (S6)

where C is the cohesion of the rocks and ¢ is the friction angle. To include plasticity into the

viscous formulation, the effective viscosity 7, of yielding material is defined as:

_ Oyield S7
Nerf = 2¢, (87)




where £;; is the square root of the second invariant of strain rate. When oy < gye4, the

material behaves visco-elastically, and we describe effective viscosity 7,5 as:
1 1 1 1 (S8)
= +—+
Nefs Nais  MNaif MHAL

where 74;5 1s the dislocation creep viscosity, 7g4;f is the diffusion creep viscosity, u is the shear

modulus and At is the numerical time step. The creep flow is described by nonlinear power-law

temperature- and stress-dependent rheologies as:

il pgpy (S9)
Nais/aif = B 1€, exp( “RT )

where B is the pre-exponential factor of the flow law, n is the power-law exponent, E is the

activation energy, V' is the activation volume, R is the gas constant, and 7' is the absolute temperature.

Weakening mechanisms

Both plastic and viscous strain softening are introduced to help localize deformation. The
friction angle of 30° (friction coefficient of 0.577) is linearly reduced to 15° (friction coefficient of
0.268) with the accumulated plastic strain increased from 0 to 1. When increasing the viscous
accumulated strain from 0 to 1, the pre-exponential factor B of the dislocation creep law (Eq. S8)
linearly increases from 1 to 30. The abundance of serpentine in the major fault zones (Blackman et
al., 2002) indicates that it has a lower mechanical strength than unaltered ultramafic rocks. This view

1s consistent with laboratory experiments on serpentine gouges (Escartin et al., 2001; Tesei et al., 2018).



To mimic the effect of serpentinization-induced weakening, the friction angle was further decreased

linearly from 15 degrees to 5 degrees with Dyerp - €, increasing from 0 to 0.1(Fig. Slc).

Surface process

The erosion- sedimentation process is achieved by assuming that the rate of surface elevation
change is equal to the sediment flux plus a source term (e.g., Olive et al., 2014; Anders-Martinez et al.,

2019):

oh _ @ Kah i
at_ax( ax) s

(S10)

where 4 is the surface elevation, K is the diffusivity, x is the horizontal direction and Cg 1s an additional

pelagic sediment source.

K varies depending on whether the surface is above sea-level or not. When sediments are

subaerial, K is described as:

K =K; + kax, (S11)
where K is the subaerial diffusion coefficient, a is the coefficient of transport and x4 is the
distance from topographic highs to drainage divide.

When sediments are in submarine conditions, K 1s determined as:

K = K e(“Ashw) (S12)

where Ky is the submarine diffusion coefficient, A, is the submarine diffusion decay coefficient

and h,, is the water depth. The surface-process parameters used in the models are shown in Table S1.



S2: Model Setup

We consider an initial 150 km wide and 80 km deep model (Fig S7). A half extension rate is
applied as the velocity boundary condition at the right and left sides of the model. We applied a
Winkler boundary condition for the bottom boundary, which means that the pressure is equal along
the model bottom during the model run (Poliakov and Buck, 1998). This is equivalent to assuming
that extension of the model box is overlying an inviscid fluid.

The initial crustal thickness is set to 30 km, supported by seismic data onshore Iberia (Zelt et
al., 2003). The initial Moho temperature is varied by changing the lower crust radiogenic heat
production. Pressure-temperature-time (P-T-t) paths of amphibolite from site 1067 ODP drilling
(Gardien et al., 2001) give a range of temperatures of 550-770 °C for the pre-rift Moho. Previous
studies (e.g. (Buck, 1991; Ros et al., 2017)) showed that with initial Moho temperatures > 650 °C, flat
Moho is expected due to the low viscosity of the lower crust, which does not match the unlulatiing
Moho structure observed in seismic sections (e.g., (Osmundsen and Péron-Pinvidic, 2018; Pérez-
Gussiny¢ et al., 2003)), and that when the initial Moho temperature is low, the model forms a
symmetric conjugate structure, which is not consistent with observations from North Atlantic rifted
margins (Fig 1). Here, following previous modelling studies ((Brune et al., 2014; Liu et al., 2021)),
we use 600 °C as the initial Moho temperature, which allows for producing the observed the margin
structure.

The rheology of the crust is considered to be one of the important factors controlling rift
evolution (e.g., (Ros et al., 2017)). In this paper, we assume that the rheological properties of the crust

are wet anorthite ((Rybacki and Dresen, 2000) Table S1). Using wet anorthite instead of wet quartzite



(Gleason and Tullis, 1995) allows for a certain strength of the lower crust during deformation. The
main evidence for such a setting is the following: 1) Seismic studies of the Galicia Interior Basin, west
of Iberia (e.g., Pérez-Gussiny¢ et al., 2003), indicating a P-wave velocity in the lower crust of > 6.6
km/s and therefore suggesting the existence of strong mafic lower crust. 2) A recent work ((Dunkel et
al., 2021)) reported textures indicative of seismic faulting in lower crustal rocks from the Northern
Norwegian Caledonides reveal very high stress levels thus suggesting that the lower crust is very strong
rather than weak during deformation. 3) Studies from the Alpine Tethys system also demonstrate the
existence of lower crustal gabbros there ((Manatschal et al., 2007)). 4) The work coupling upper
crustal fault geometry and forward geodynamic modelling (Liu et al., 2022) showed that the observed
rifted margin structure from the West Iberian margin can be reproduced only when a strong crust is

used.

One can also expect that if a weaker crust (e.g., wet quartzite) is used, the width of the margin
will be wider compared to the model shown in Figure 2, but this does not really affect the mantle
exhumation and serpentinization at COTs and development of COTs, where the continental crust has

already been broken up.
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Figure S1. Model setup. (a) Model geometry, the Moho temperature is regulated by crustal radiative
heat. To localize extension at the start of the model, a temperature anomaly of 100 °C is added to our
model at Moho depth. This allows the deformation to be localized to several major faults in a relatively
short numerical time. (b)Two temperature-dependent serpentinization rates follow previous work by
Emmanuel and Berkowitz., 2006 and Malovision et al., 2012. (¢) The model includes plastic strain
weakening from 30 ° to 15° left panel. In addition, to mimic the effect of serpentinization-induced
weakening, the friction angle, which had already been reduced by the plastic strain weakening, was
further reduced linearly from 15° to 5 °, with Dsep - &, increasing from 0 to 0.1. Thus, this effect will

be larger with an increasing degree of serpentinization.
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Figure S2. Modelled H2 production rate with two different temperature-dependent function for
serpentinization. (a) The H2 production rate with numerical simulation time with kinetic function
provided by Emmanuel and Berkowitz., 2006. (b) The H2 production rate with numerical simulation
time with kinetic function provided by Malvoisin et al., 2012. The case (b) with the Malvoisin et al.,
2012 kinetic function has an average H, production rate of ~ 8.3-107 mol/yr per kilometer along the
rift, which is slightly higher than ~ 7.5-107 mol/yr for case (a), but the difference is small, especially

compared to the effect of extension rate and hydrothermal cooling (Figure 3).



Table S1. Model parameters.

Thermomechanical parameters

Variable [unit] Wet Dry Olivine Wet Olivine
Anorthite

Dislocation pre-exponential factor log(Buis) [Pa™ S-'] -154 -15.96 -15.81

Dislocation exponent ;s 3.0 35 35

Dislocation activation energy Equ; [kJ/mol] 356 530 480

Dislocation activation volume Vs [10°¢ m3/mol] - 13 10

Diffusion pre-exponential factor log(Bay) [Pa™ S-'] - -8.16 -8.64

Diffusion exponent rq - 1 1

Diffusion activation energy Eq[kJ/mol] - 375 335

Diffusion activation volume Vy; [10-6 m3*/mol] - 6 4

Shear Modulus u [GPa] 40 74 74

Thermal conductivity K [Wm™' K-'] 2.5 33 33

Heat capacity Cp [J kg ' K'] 1200 1200 1200

Radiogenic heat production H, [ Wm-3] 02 0 0

Bulk density p [kg m3] 2850 3300 3300

Thermal expansivity coefficient a [10-5 K-'] 24 3.0 3.0

Initial cohesion (MPa) 10 10 10

Initial friction angle (°) 30 30 30
Surface process parameters

Subaerial hillslope diffusion, K, [m?%/year] 0.25

Subaerial discharge transport coefficient 5-104

Submarine diffusion coefficient, Ks [m?/year] 102

Submarine diffusion coefficient decay, A [m!] 5-10*

Pelagic sediment rate, Cs [m/year] 105




(a) Margins of North Atlantic

“ _ \  L: Labrador- WG: West Greenland margins

Latitude

— Seismic lines

e EXhumMed mantle

Oceanic crust

(Failed) Spreading centers

Exhumed mantle zones
5 » S

1({ Morroco
d "
e

d —40° -30° ad
Longitude
=10
£
Chian, D., Louden, K. E., & Reid, I. (1995). Crustal 20
structure of the Labrador Sea conjugate margin and :
implications for the formation of nonvolcanic /

continental margins. Journal of Geophysical Research: 30
Solid Earth, 100(B12), 24239-24253.

Liu, Z., et al., 2023, Mantle serpentinization and associated hydrogen flux at North Atlantic magma-poor rifted margins: Geology, https://doi.org/10.1130/G50722.1

Chron31(?) 27

Labrador Continental Margin SW Greenland Margin
Zone 1 mumip> <= Zone 2mmjp> <EmZone 3 mmp-<mmZone 2 mmpp <gmm Zone 1
1 km J
0 50 100
W~



(a) Margins of North Atlantic

— Seismic lines
e EXhumMed mantle
Oceanic crust ¢
— — (Failed) Spreading centers |54
7 Exhumed mantle zones I
kY -

Longitude

Welford, J. K., Dehler, S. A., and Funck, T., 2020,
Crustal velocity structure across the Orphan Basin

and Orphan Knoll to the continent—ocean transition,
offshore Newfoundland, Canada: Geophysical
Journal International, v. 221, no. 1, p. 37-59.

o

30 -

Orphan Basin

(A)

150

|
200

l
250

300

350

[ | l
400 450 500

| 1

550 600

35

(wy) ydep



(a) Margins of North Atlantic

Latitude

—Seismic lines
s EXhumMed mantle
Oceanic crust

— — (Failed) Spreading centers
{7 Exhumed mantle zones

£ o
4
- L
r West Iberia
£ o Margln “

-40° -30°
Lonaitude

Gerlings, J., Louden, K. E., and Jackson, H. R,
2011, Crustal structure of the Flemish Cap
Continental Margin (eastern Canada): an analysis of
a seismic refraction profile: Geophysical Journal
International, v. 185, no. 1, p. 30-48.

Depth (km) Depth (km) Depth (km)

Depth (km)

Newfoundland Margin

10

% SCREECH Line 1

00 200 3bo

Mantle SCREECH Line 2

T T T
100 200 300

- TZ P

SCREECHLine 3

Distance (km)

D Continental crust
- Serpentinized mantle
- Oceanic crust

D Sediment layers

-m Serpentinized/
volcanic diapir?




(a) Margins of North Atlantic

Fmer ) Transitional-1 i Transitional-2 |  Oceanic -
s e S L s s a e e e
160 180 200 220 240 260 280 300
Distance (om)

— Seismic lines
e EXhumMed mantle
Oceanic crust
— — (Failed) Spreading centers e
xhumed mantle zones I .
3 - e

-40° -30°
Lonaitude

Nova Scotia

Jian, H., Nedimovi¢, M. R., Canales, J. P., & Lau, K. H. (2021).

“High velocity Jower crust

New Insights Into the Rift to Drift Transition Across the - il serpentinized mantie .

No'rthe.:astern Nova Sco.tian Margin Erom Wide - Angle (c) SMART-2
Seismic Waveform Inversion and Reflection Imaging. Journal | Covtreet [ Tensmew [ Oceanc |
of  Geophysical Research:  Solid  Earth, 126(12), M R W|aalsmy TS o8R8
¢2021JB022201.

P-wave Velockty (km/s)



(a) Margins of North Atlantic

Rockall Trough

Latitude

o
w 15 10 E

—Seismic lines
s EXhumMed mantle

Oceanic crust
%0 Jlll o Saied) Soreacng certrs s ——
P - e ° Upper Crust M 3
S 7 \::-~ Upper Crust
s S _\“/- i
50 —40° _ _30° <20 104 Middle Crust ,” sl
Lonaitude e ,I’:_ Middle Crust
e /
:E; Il{,{\\\ 7.8{4.33)
= Lower Crust g
%_ 20+ N RN Layer 6 B
aQ g = Lower Crust
(] ///
O'Reilly B M, Hauser F, Jacob AW B, et al. The W s N
lithosphere below the Rockall Trough: wide- s R
angle seismic evidence for extensive k
serpentinisation. Tectonophysics, 1996, 255(1- (b)
2): 1-23. 40— f T . .
600 700 800 800 1000

Distance (km)



(a) Margins of North Atlantic

Latitude

e EXhumed mantle

Oceanic crust

— — (Failed) Spreading centers

{7 Exhumed mantle zones
3 - -

-40° -30°
Longitude

Prada M, Watremez L, Chen C, et al. Crustal strain-
dependent serpentinisation in the Porcupine Basin, offshore
Ireland[J]. Earth and Planetary Science Letters, 2017, 474:
148-159.

Porcupine Basin

P04 Distance (km) .
40 60 80 100 1204 140 160 180 200 220 240 260 E

60 80 100 120 140 160 180 200 220 240 260 280



(a) Margins of North Atlantic

Goban spur

e EXhumMed mantle
Oceanic crust
— — (Failed) Spreading centers
Exhumed mantle zones
X - -

T I () W Distance along Line [km]
— 0 20 40 60 80 100 120 140
-40° -30 0' { L Y 1 . .4 p V) . O 0, e B R (VG &
Longitude (iii) (i1) 550 551 (i)
D> < ol < v
028 029 ods

’ 3 .:‘J‘WA_,... e

gy

Bullock, A. D., and Minshull, T. A., 2005, From
continental extension to seafloor spreading: crustal
structure of the Goban Spur rifted margin, southwest

of the UK: Geophysical Journal International, v. 163,
no. 2, p. 527-546.

Depth [km]
=)
|




(a) Margins of North Atlantic

Bay of Biscay

- Exhumed mantle
Oceanic crust
— — (Failed) Spreading centers
L | & 7 Exhumed mantle zones
~ 3 .

-40° -30°
Lonaitude

[:] Oceanic crust (Co)
Strange body (ST)

E 3B Unit : allochthonous sediments
“Abnormal mantle” (HVLC)

CC: continental crust; S: the S-reflector;

3 Unit: Aptian/Albian-Cenomanian post-rift
unit;

DR: Dipping reflectors under the MS-
reflector;

Dashed line: velocity contrast not well
constraint;

Ms: Top of the substratum of the Armorican
Basin and top of the HVLC layer.

Mn: Base of the HVLC layer and Moho of
the Armorican Basin

(]

Thinon, I., Matias, L., Réhault, J.-P.,
Hirn, A., Fidalgo-Gonzalez, L., and
Avedik, F., 2003, Deep structure of the
Armorican Basin (Bay of Biscay): a
review of Norgasis seismic reflection
and refraction data: Journal of the

Geological Society, v. 160, no. 1, p. 99-
116.

depth (km)

10 km

|¥Ocean Bottom seismometers velocify (km/s) |




(a) Margins of North Atlantic

s EXhumMed mantle
Oceanic crust
(Failed) Spreading centers ~
Exhumed mantle zones Pl
X - e

-40° — 30°
Longitude v
Lk
Dean, S. L., Sawyer, D. S., 2
and Morgan, J., 2015, Galicia ;2

Bank ocean—continent
transition zone: New seismic
reflection constraints: Earth
and Planetary Science Letters,
v. 413, p. 197-207.

10000

5 4

“u

Northern WIM

v

[319]

vIDLanive \niiy

uu

1ev

1y

6

Depth (km)

1 10 9 8 7
|FEETE SRR RN FRTa N

40

60

Peridotite

Distance (km)

Ridge

100

s-reflector

120

140

Vertical exaggeration

LI |

LL 0L 6 8 /L 9 ¢ v

0008 0009

00001



(a) Margins of North Atlantic

— Seismic lines
s EXhUmMed mantle

Oceanic crust A -
— — (Failed) Spreading centers ey
{7 Exhumed mantle zones R,
N 3 . O P ‘ 2
i Z 5 &
o -40° -30° =28
I onaitiide

Grevemeyer, |., Ranero, C. R., Papenberg,
C., Sallares, V., Bartolomé, R., Prada, M.,
Batista, L., and Neres, M., 2022, The
continent-to-ocean transition in the Iberia
Abyssal Plain: Geology doi:
https://doi.org/10.1130/G49753.1.

Depth [km]

—_ —_ —_
B N o (o] (o] B
TR NI T SR (NS N

Thickness [km]

Central WIM

16

1A) 1.8 24 3 3.6 42 438
T T T T T T

v

97 9 95 94 93 92 91 90 89 8 87 86 85 84 8 8 8 80 79 78 77 76

v

54 6

v v

66 72 7.8 |
T .

i * I i o 8 i 2
< oceanic crust > < exhumed mantle

oceanic crustal

1B)

>

| " | L | " | L | " | - 85

Velocity [km/s]



(a) Margins of North Atlantic

Latitude

| e Seismic lines
= EXhUmMed mantle
Oceanic crust

Southern WIM

— i i T / o
S0 > I(Elj(ahILGZedS F;Zz(tjlg]ocrfgsters ¥, ]({ Morroco 30
~700 ) ’ P ‘ 00
s -
55 P— —o0°
-40° ' -30°
Lenaitice Distance (km)
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440
AR I T T T T T S [ [T T T AT T A S I NN T I R
M erino’ I.’ Ranero’ C R.’ Prada’ w Domain V Domain IV & J-anomaly Domain Il Domain Il Domain | E
M, Sa l lCll"éS, V, an d Grevemeyel’; 1.’ 0 - Atlantic Ocean T-de Tagus Abyssal Plain Lower slope |
2021 The Rift and - 58 [57)561(55[54 (52 (515049 4 47 45 45 o)
’ 5 . : KX S ~ 4
Continent - Ocean Transition .

pth (km)

Structure Under the Tagus Abyssal ]
Plain West of the Iberia: Journal of & 15 -
Geophysical Research: Solid Earth, 1
v. 126, no. 11, p. €2021JB022629. a(

2 s NN Y \_,4\.‘ : A "J >
107 s AR WJ[‘WAW A PL

%/

e

=
\_/

N W OO N @

Vp velocity (km/s)



