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ARTICLE INFO ABSTRACT

We present results from 2D and 3D thermo-mechanical studies of plume-lithosphere interactions in a rifted
margin setting and compare inferences of these models with the Northern Atlantic volcanic rifted margin pro-
vince. We first present a series of 2D models with three different initial locations of the plume: under the oceanic
part of the rifted margin system; under the area affected by lithospheric thinning by passive rifting and under
continental lithosphere which has not been affected by extension prior to plume emplacement. The style of final
plume distribution appears to be controlled by its initial position with respect to different lithospheric segments
and rheology of the mantle in the continent-ocean transitional zone rather than by other parameters such as
external forcing and rheological structure of the mantle plume. The initial size of the mantle plume controls, to a
large extent, the degree of plume head asymmetry. For a strong rheology of the overlaying transitional litho-
sphere, the effect of plume emplacement is mainly restricted to deep lithospheric levels. In contrast, a weak
transitional mantle leads to plume-induced continental break-up when the plume head contributes to the for-
mation of new oceanic lithosphere with asymmetrical propagation of hot plume material towards the continental
segment. A common feature of most 2D models is that initially a hot plume weakens the overlying lithosphere,
whereas at a later stage frozen mantle plume material is embedded into the lower part of the lithosphere,
forming dense and high-velocity bodies. We extend our 2D numerical modelling study to three dimensions and
investigate the first-order controls of continental break-up and plume emplacement. We demonstrate that the
observed complex Iceland plume geometry with up to 400 km southern propagation can be reproduced nu-
merically in 3D and explained by pre-imposed zones of lithospheric thinning along transform faults.
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1. Introduction

Rifted continental margins are key elements in the process of con-
tinental break-up. Characteristic time scales for their rifting phase vary
from over more than two hundred million years for the Norwegian
margin (Van Wijk and Cloetingh, 2002) to a few million years for the
Neogene back-arc margins in the western Mediterranean (Ziegler and
Cloetingh, 2004). A number of mechanical factors, including the ri-
gidity of the extending continent (Ziegler and Cloetingh, 2004; Franke,
2013), the presence of thermal anomalies in the upper mantle (Burov
and Gerya, 2014; Koptev et al., 2017), changes in plate-tectonic regime
affecting stress levels and strain rates in the lithosphere (Lundin and
Doré, 2002) are likely to have contributed to the observed spectrum in
margin formation histories. Many rifted margins are characterized by
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pronounced differential topography. Rift shoulders form most times a
particularly important element in the geomorphology of rifted margins
and have received considerable attention over the last few decades (e.g.
Daradich et al., 2003; Cloetingh et al., 2013). As a result, a growing
database has been accumulating, providing constraints on the timing
and magnitude of their spatial and temporal evolution (e.g. Abdelmalak
et al., 2016; Daradich et al., 2003; Japsen et al., 2014; Mosar et al.,
2002; Praeg et al., 2005; Rohrman et al., 1995; Vagnes et al., 1998; Van
Der Beek et al., 1994). Incorporation of flexural isostasy of the ex-
tending lithosphere in models for rifting (Braun and Beaumont, 1989;
Chery et al.,, 1992; Kooi et al., 1992; Weissel and Karner, 1989;
Cloetingh et al., 2015) has been an important step in better under-
standing the typical asymmetry of rift shoulders and their intrinsic
linkage to the syn-rift phase of margin formation. Thermo-mechanical
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models (Burov and Poliakov, 2001; Cloetingh et al., 2013) have shown
a close feed-back between syn-rift and post-rift erosion of rift shoulders
and lower crustal flow (Burov and Cloetingh, 1997), significantly af-
fecting the accommodation shape of deeper parts of the offshore margin
systems. The same is true for structural heterogeneity, inherited from
the pre-rift phase (e.g. Cloetingh et al., 2013). Many of the world's rifted
continental margin systems are characterized by large magnitude dif-
ferential topography sustained over considerable timescales (Van Der
Beek et al., 1995; Japsen et al., 2006). Spatial and temporal variations
in the patterns of associated vertical motions often deviate from pre-
dictions from classical rifting models (e.g. Ziegler, 1992; Lobkovsky
et al., 1996).

Rifted continental margins are frequently subject to a poly-phase
evolution with major thermal perturbations during and after con-
tinental break-up, in particular in the context of mantle plume empla-
cement. A striking example is the Northern Atlantic volcanic rifted
margin setting where tomography studies (Rickers et al., 2013) have
revealed plume propagation over large horizontal distances away from
the Iceland plume to segments of Norway's rifted margin (Fig. 1). Plume
emplacement has been dated as coeval with continental break-up fol-
lowing over 200 Myr of rifting (Abdelmalak et al., 2015, 2016; Franke,
2013). The southern Scandes of Norway, located on one of the sidelobes
of the Iceland plume, are a prime example of elevated margin topo-
graphy, created after continental break-up and of a wavelength in-
compatible with flexural processes within the lithosphere (Rohrman
and Van Der Beek, 1996). The role of pre-rift structural inheritance on
crustal and lithospheric scale appears to have long-lasting consequences
for the topography and sediment source-sink dynamics at rifted margin
systems. Thermomechanical models demonstrate that the rheology of
the lithosphere probably exerts a key control in its response to the in-
terplay of deep seated thermal perturbations and evolving stress sys-
tems at rifted margin systems (Guillou-Frottier and Burov, 2003; Burov
and Guillou-Frottier, 2005; Cloetingh et al., 2013). Lateral variations in
mechanical structure of the lithosphere have a strong feedback with
margin topography, surface processes and stress gradients across mar-
gins, explaining many observed characteristic features (Cloetingh et al.,
2005).

Over the last decade, a general consensus has been growing that
models for passive and active rifting should be considered as end-
members in the mode of rifting, also in view of temporal variations in
rifting style frequently encountered during the rifting process itself
(Huismans et al., 2001). Thermo-mechanical models have demon-
strated that the stratified brittle-ductile rheology of the extending
continental lithosphere is key in such transitions. Classical models for
the effects of thermal perturbations in the upper mantle on the over-
lying lithosphere and discussions on their impact on sedimentary suc-
cessions in margin settings (e.g. Dam et al., 1998) have till recently
adopted a non-stratified oceanic lithosphere, predicting a one to one
relationship between plume impingement and uplift at the surface. As
demonstrated by Burov and Guillou-Frottier (2005) and Burov et al.
(2007), the incorporation of a more realistic continental rheology
drastically changes the predicted record of vertical motions. Plume-
interactions with a rheologically stratified lithosphere do not lead to
uniform uplift, but in contrast are characterized by a temporal transi-
tion from long-wavelength (> 1000 km) uplift to differential uplift and
subsidence patterns with typical wavelengths of only several hundreds
of km. A strong dependence of the record of induced vertical motions
exist on the age of the overlying lithosphere and the mode of erosion
(Burov and Cloetingh, 2009; Cloetingh and Burov, 2011).

In the present paper, we examine the dynamics of plume-lithosphere
interaction in rifted margin settings, characterized by pronounced li-
thospheric heterogeneity at the transition of oceanic to continental li-
thosphere. To this purpose, we first present the results of 2D thermo-
mechanical modelling to quantify the role of inherited lithospheric
structure, initial plume size, rheology and position. This is followed by
comparison with inferences from 3D modelling. Subsequently, we
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discus implications of our findings for rifted margins with a particular
focus on the Northern Atlantic.

2. 2D Thermo-mechanical models for plume-lithosphere
interactions in rifted margins

2.1. Setup of the 2D thermo-mechanical models

The thermo-mechanically and thermodynamically coupled code
used for the 2D numerical modelling is Flamar v12 (Burov and Yamato,
2008), based on the FLAC-Para(o)voz algorithm (Cundall, 1989;
Poliakov et al., 1993). This algorithm is described in detail in the
Appendix A and in a number of previous modelling studies of litho-
sphere dynamics (e.g. d'Acremont et al., 2003; Yamato et al., 2008;
Francois et al., 2014), including plume-lithosphere interaction (e.g.,
Burov et al., 2007; Burov and Cloetingh, 2009; Beniest et al., 2017a).
The code handles (1) free surface boundary condition, (2) large strain
formulation, (3) thermo-mechanical coupling, and (4) visco (ductile)-
elastic-plastic (brittle) rheologies. The implemented constitutive laws
include elasticity, Mohr-Coulomb plasticity for brittle deformation and
pressure-temperature-strain-rate-dependent ductile flow for nonlinear
viscous deformation (e.g., Burov, 2011). Our models have free upper
surface boundary, surface erosion, rheological stratification (upper
crust, lower crust, lithospheric mantle and asthenosphere), and meta-
morphic phase changes (density and physical properties).

2.1.1. Model geometry and rheological structure

In order to investigate the interaction between plume and rifted
margin we design an asthenospheric scale model of 600 km deep and
3000 km wide with 5 x 5km grid size resolution. The model design
(Fig. 2) is based on available data on the structure and physical prop-
erties of Scandinavia's North Atlantic rifted margin (Ebbing et al., 2012;
Maupin et al., 2013; Mosar et al., 2002). The model geometry is made
up by three different segments of 1000 km wide lithosphere: a 65 Ma
old oceanic lithosphere, a 500 Ma old lithosphere (Phanerozoic) and a
1 Ga old continental lithosphere (Proterozoic) (Fig. 2A). The oceanic
lithosphere is composed of a 10km thick oceanic crust (basalt
rheology) and a 40 km thick lithosphere mantle (dry olivine rheology).
The Phanerozoic rifted continental lithosphere (i.e. transitional litho-
sphere) is composed in the middle of the segment of a 30 km thick
continental crust (15 km of dry quartz rheology + 15km of diabase
rheology) and of a 70 km thick mantle lithosphere (dry olivine rheology
except for two model (exp_7 and exp_8) where a wet olivine flow law
has been adopted; see Section 2.1.3 and Table 3). The Proterozoic
continental lithosphere consists of a 50 km thick continental crust
(25 km of dry quartz rheology + 25km of diabase rheology) and a
150 km thick mantle lithosphere (dry olivine rheology). In general, for
the mantle lithosphere we adopt olivine (dry or wet) dislocation and
Peierels flow properties, whereas the sublithospheric mantle is assumed
to deform by diffusion creep (Caristan, 1982; Karato and Wu, 1993;
Durham et al., 2009).

The initial mantle plume anomaly has been seeded by a spherical
250 °C temperature anomaly at 600 km depth. We have tested three
different mantle plume positions: under oceanic lithosphere, under
transitional lithosphere and under continental lithosphere (see Fig. 2A).
Size (radius of 150, 300 and 400 km) and rheology (wet olivine or dry
olivine flow law) of the mantle plume represent the key variable
parameters as well (see Section 2.1.3 and Table 3).

Rheological and material properties used in this study are given in
Tables 1 and 2.

2.1.2. Thermal and mechanical boundary conditions

Thermal boundary conditions include fixed temperatures at the
upper surface and the bottom of the model: T = 0 °C at the top and
1700 = 100 °C (e.g., Turcotte and Schubert, 2002) at the bottom
which refers to a “cold geotherm” of whole mantle convection (see e.g.
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Fig. 1. (A) Seismic tomography delineating a zone of mantle upwelling under the Northern Atlantic and adjacent continental areas. Seismic velocity perturbations from full waveform
inversion are shown for a depth slice at 120 km. Red areas depict location of Iceland plume and its side lobes extending into southern Norway, the British Isles, and central Europe. All of
these areas are undergoing recent uplift in an intraplate tectonic setting, far from plate boundaries (modified from Rickers et al., 2013). Abbreviations: EJMFZ, the East Jan Mayen
Fracture Zone; DSFZ, the Denmark Strait Fracture Zone. (B) Vertical slices through the Bsh-componet (from Rickers et al., 2013) and associated surface topography. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Burov and Cloetingh, 2009).

For the entire model, the initial thermal distribution is computed
from the combination of the plate-cooling models (oceanic segment) for
the upper lithospheric part with the adiabatic thermal gradient for the
underlying mantle. The initial adiabatic temperature gradient in the
underlying mantle is then computed by equalizing the temperature at

its top with the temperature at the bottom of the lithosphere (1300 °C)
and by adjusting the mantle heat flux in order that the temperature at
the bottom of the upper mantle (600 km) fits 1700 = 100 °C (e.g.,
Turcotte and Schubert, 2002). In case of continental and transitional
lithosphere, the initial lithosphere geotherm is piece-wise linear with
0 °C at the surface, 700 °C at the Moho, 1300 °C at the lithospheric base.
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Fig. 2. (A) Design of 2D model setup. The experiments are based on the available data on the structure and physical properties of Scandinavia's North Atlantic rifted margin. The red
dotted line represents the 1300 °C isotherm corresponding to the bottom of the thermal lithosphere. Note three segments corresponding to oceanic (left), transitional (central) and
continental (right) lithosphere. Three initial plume locations tested in different experiments of this study are shown as well. (B) Representative viscous-elastic-plastic yield strength
profiles for oceanic, transitional and continental lithosphere calculated for a strain rate of 10~ '* s~ 1, The brittle-elastic-ductile rheology is different for the upper crust, lower crust,
mantle lithosphere and asthenosphere (see also Table 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

We use the following mechanical boundary conditions: (1) the upper
surface is free (free stress and free slip condition in all directions); (2-3)
constant horizontal velocity, vy, at the lateral sides (v4x = 0-2 cm/y);
(4) pliable hydrostatic Winkler basement (Burov et al., 1998; Burov and
Poliakov, 2001; Burov et al., 2001).

2.1.3. Experiments and key variable parameters

We have performed 25 models (Table 3) by varying eight control-
ling parameters characterizing the properties of the mantle plume (in-
itial position, size and rheology), the structure of the lithosphere in-
cluding rheological properties and width of the transitional zone and
velocity boundary conditions.

We started our modelling with three experiments (exp_1, exp_2 and
exp_3; Fig. 3) where the mantle plume is characterized by wet olivine
rheology and initial radius of 150 km. Through these experiments, we
have tested three different initial plume positions with respect to in-
herited lithospheric structures: under the oceanic lithosphere, under
transitional lithosphere and under continental lithosphere, respectively
(as shown on Fig. 2A). In addition, we have increased the size of the
mantle plume up to 300-400 km in radius for the same plume locations
(exp_4-6, exp_9-11; Fig. 4, Supplementary Fig. 1).

Subsequently, we have studied the impact of weaker overlaying li-
thospheric mantle (exp_7-8; Figs. 5-6) and stronger plume rheology
(dry olivine instead of wet olivine; exp_12; Supplementary Fig. 2) in the

Table 1

Thermo-mechanical parameters and boundary conditions used in numerical experiments
(Turcotte and Schubert, 2002).

Thermal

Mechanical

Surface temperature

Temperature at the bottom of the thermal
lithosphere

Thermal conductivity of crust

Thermal conductivity of mantle

Thermal diffusivity of mantle

Radiogenic heat production at surface
Reference thermal expansion coefficient (for
adiabatic heating, otherwise computed from
thermodynamic model Perplex)
Radiogenic heat production decay depth
constant

Thermo-tectonic age of the Phanerozoic
lithosphere

Thermo-tectonic age of the Proterozoic
lithosphere

Thermo-tectonic age of the oceanic
lithosphere

Surface heat flow

Mantle heat flow

Lamé elastic constant A, G (here, A = G)
Byerlee's law — friction angle

Byerlee's law — cohesion

0°C
1300 °C

25Wm~1K™!
3.5Wm 'K!
10" °m?s~!
1x10"°Wkg™ !
2.4 x1075K™*!

10 km

500 Ma
1000 Ma
65 Ma

40-60 mW-m ™ 2
25-30 mW-m ™ 2
30 GPa

30°

20 MPa
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Ductile parameters used in this study. The activation volume of mantle rocks is 4.5% 10~ ®m®mol~'. For the diffusion creep the activation energy E, = 300 kJ mol ™,

Ag=1.92x10""MPa~'s !, a=1and m = 1 (Karato and Wu, 1993).

Composition Density A n Q Ref.
[kg m~ 23] [MPa~"s~ 1] [kJ mol ™ 1]

Upper crust (cont.) Dry quartz 2600 6.8 x 107 ° 3 156 Ranalli (1995)
Lower crust (cont.) Maryland diabase 2850 6.3 x 10~ 2 3.05 276 Caristan (1980)
Oceanic crust Maryland diabase 2900 6.3 x 1072 3.1 276 Caristan (1980)
Mantle litho. cont. (strong) Dry olivine 3330 1 x 10* 3 510 Goetze and Evans (1979)
Mantle litho. cont. (weak) wet olivine 3330 8 x 10° 3 470 Karato and Jung (2003)
Mantle litho. Oceanic Dry olivine 3330 1 x 10* 3 510 Goetze and Evans (1979)
Asthenosphere Dry olivine 3310 1 x 10* 3 510 Goetze and Evans (1979)

context of the mantle plume initially situated underneath transitional
lithosphere (central plume position on Fig. 2A). Different widths (500
and 2000 km) for the transitional lithospheric segment as well as a
weaker rheology for its lower crust (wet diabase flow law instead of dry
diabase) have been tested by exp_13-15 (Supplementary Fig. 3).

Finally, sets of numerical tests with far-field tectonic extension and
homogenous initial lithospheric structure refer to exp_16-18
(Supplementary Fig. 4) and exp_19-21 (Supplementary Fig. 5), re-
spectively. Exp_22-25 (Supplementary Figs. 6-7) permits to study
plume emplacement underneath oceanic or continental lithosphere
excluding possible boundary effects due to its decentered initial posi-
tion.

The complete list of tested experimental settings and corresponding
variable parameters can be found in Table 3.

2.2. Results

2.2.1. Effect of initial location, size and rheology of the mantle plume

Below we present the results of modelling of plume emplacement at
three locations of a transect connecting oceanic lithosphere, rifted
margin lithosphere and continental lithosphere unaffected by litho-
spheric thinning preceding plume emplacement (Fig. 3).

We begin with the results of plume emplacement under oceanic li-
thosphere, (exp_1; see Fig. 3A). In doing so, we also follow the evidence
for plume emplacement in the Northern Atlantic initiated by the Iceland
plume propagating under the rifted margin and adjacent continental
lithosphere of Southern Norway (Rickers et al., 2013). In this model
(exp_1), the mantle plume is modelled with wet olivine rheology and
the transitional lithosphere by a dry olivine rheology (see Table 3). The
ascent of the plume material is rapidly associated with break-up. The
lateral propagation of plume material remains symmetric until 20 Myr,
when it reaches the left boundary of the model box. In opposite di-
rection, plume material spreading is restricted to the boundary between
oceanic and transitional continental lithosphere. In terms of topo-
graphy, the ascending plume head produces large scale uplift (up to
7 km elevation). This initial uplift starts to flatten out after about 5 Myr,
quickly reaching a level of small amplitude vertical uplift (600-700 m).
The impact of model boundary is minimal here since exp_22 (Supple-
mentary Fig. 6A) results in a very similar distribution of the plume
material.

When the plume is located in the middle of the transect (i.e. under
the area affected by lithospheric thinning prior the plume emplace-
ment, exp_2; see Fig. 3B), the plume head arrives at the bottom of the
lithosphere and starts to flatten laterally in both directions underneath
the thinned continental lithosphere. The plume is finally blocked to the
right side by the boundary of the lithospheric mantle between thinned
lithosphere and continental lithosphere unaffected by rifting. The ex-
tension of the plume material is driven by lateral decrease of the
thickness of transitional lithosphere segment from the continent to
oceanic lithosphere resulting in a clear asymmetric geometry of the
plume head. After 20 Myr of evolution, the lateral propagation of the

plume material is 100 km more extending towards the oceanic litho-
sphere.

When the plume is located under continental lithosphere unaffected
by prior thinning (exp_3) the mode of plume emplacement and its to-
pographic expression is significantly different (Fig. 3C). After the ascent
and the symmetric lateral propagation of the plume head (until 5 Myr),
the plume material flows preferentially towards thinned transitional
lithosphere to the left from the area of initial plume emplacement. In
contrast, on the opposite side the propagation is very limited. The
surface topography is characterized by a large-scale uplift of 700 km
wide, with amplitude of up to 3-4 km (Fig. 3C). It should be noted,
however, that the resulting asymmetrical distribution of plume material
is to all appearances due to the boundary effect of the right model limit
(compare Fig. 3C with symmetrical pattern of exp_23 shown on Sup-
plementary Fig. 6B). On the contrary, we can exclude the effects of
lateral model boundaries in case of a more pronounced plume head
asymmetry due to larger initial plume size (compare Fig. 4C and Sup-
plementary Fig. 7B).

The initial location of the plume strongly impacts its ability to reach
the surface (Fig. 3): in case of the plume initially seeded beneath
oceanic lithosphere, it reaches the sea floor already after 5 Myr (with
lateral spreading afterwards (Fig. 3A)); in contrast, when seeded be-
neath the continent, the plume is confined to deeper levels of the li-
thosphere (~150 km) with significant down-thrusting of the overlying
mantle on the extremities of the plume (Fig. 3C). Noteworthy is also the
continuing horizontal expansion of the size of the area affected by the
plume during its evolution over a time span of 20 Myr. At the end of
propagation, mantle plume material is embedded into the lower part of
the lithosphere, forming dense mantle and high-velocity bodies of
frozen mantle. The model with initial plume location under rifted
margin lithosphere (exp_2) is characterized by an intermediate mode
with relatively shallow (50-60 km) plume emplacement associated
with down-thrusting of the adjacent continental lithosphere on the right
tip of the plume head (Fig. 3B). This results in geometrical asymmetry
of the underplating area that develops with time.

In adopting these three initial configurations for plume emplace-
ment, we also explored the impact of a larger plume size (exp_4-6, see
Fig. 4 and exp_23-25, see Supplementary Fig. 7). Doubling the size of
the initial plume to a half-circle with a radius of 300 km leads to am-
plified efficiency of horizontal propagation of the plume material. As
mentioned above, a larger plume size is also enhancing the asymmetry
of the horizontal spreading of the plume at lithospheric level. For ex-
ample, for the experiments with the mantle plume seeded underneath
transitional lithosphere (exp_2 and exp_5), the distance of the propa-
gation towards the oceanic lithosphere (the ‘easiest’ direction of pro-
pagation) is 55% (668 km vs. 1036 km, Figs. 3B, 4B) larger in the case
of a double size plume (exp_5) whereas in the opposite direction (i.e.
towards the continental lithosphere) this amplification is limited to
16% (555 km vs. 645 km, Figs. 3B, 4B). Increasing the plume size up to
400 km (exp_9-11) leads to further increase of the asymmetry in the
plume propagation (Supplementary Fig. 1).
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Fig. 5. Evolution of the exp_7 characterized by a weak rheology
of the mantle of transitional lithosphere. (A) Thinning of the

weak transitional continental lithosphere associated with the
ascent of the plume. (B) Lateral propagation of the plume ma-
terial is limited in comparison with the exp_2 (see Fig. 3B). (C)
Break-up associated with the uplift of plume material up to the
surface. Termination of the rifting process and onset of sym-
metric lateral propagation of plume material. (D) Limited

asymmetric lateral propagation.
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We also examined the effect of different plume rheologies. To this
aim, we have used a dry olivine rheology for the plume (exp_12, see
Supplementary Fig. 2), for comparison with the models adopting a wet
olivine plume rheology, presented above. The evolution of this model
(including the style of lateral propagation of plume material) is very
similar to the corresponding stages of the experiment with identical
initial plume position but weaker (wet olivine) plume rheology (exp_2,
Fig. 3B). After 20 Myr of model evolution the propagation in the di-
rection of oceanic lithosphere represents 668 km (656 km in the exp_2,
Fig. 3B) and 587 km towards the continental lithosphere (555 km in the
exp_2, Fig. 3B). In terms of topography, the impact of plume empla-
cement and propagation is also almost identical.

Below we, therefore, concentrate on the effects of lithosphere
rheology on plume emplacement in the area affected by lithospheric
thinning prior to plume emplacement (i.e. transitional lithosphere)
where these lateral variations by their nature are likely playing an in-
trinsic role.

2.2.2. Role of the rheology of transitional lithosphere
For comparison with the results of the models assuming a dry

3000

olivine rheology for the transitional mantle lithosphere in the rifted
margin transect, we have tested here the impact of a wet olivine li-
thosphere rheology for thinned continental mantle lithosphere
(exp_7-8, see Figs. 5-6). It should be noted that the crustal rheology in
the transitional zone remains the same as adopted in previous models
(e.g. exp_2; Fig. 3B). Both an additional numerical test (exp_15; Sup-
plementary Fig. 3C) as well as our previous studies (Francois et al.,
2012) reveal that the prime control on strength of the lithosphere
comes from its mantle part, whereas the role of crustal rheology is
minor. Due to weak mantle lithosphere within the transitional segment,
emplacement of 150 km-radius (exp_7; Fig. 5) plume has a much more
dramatic surface expression and can lead to uplift of mantle plume
material up to the surface. Plume ascent accompanies a quick thinning
of the continental lithosphere ultimately leading to the crustal break-up
at 10 Myr. Uplifted plume material then contributes to formation of
new oceanic lithosphere (Fig. 5). It is noteworthy that all the processes
take place in the context of purely “active” continental rifting (i.e.
without pre-imposed far-field tectonic extension). The lateral spreading
of the plume material is less developed and the asymmetry observed
after 5 Myr in the exp_2, (Fig. 3B) in this case starts only after 20 Myr.
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exp 8 Fig. 6. Evolution of the exp_8 characterized by a weak rheology
0 - of the mantle of transitional lithosphere and larger size of the
mantle plume.
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During the model evolution, the lateral spreading of the mantle plume
is less in comparison with the exp_2 (i.e. with dry rheology for the
transitional mantle lithosphere). Between 5 Myr and 20 Myr, the dis-
tance of the propagation of mantle plume material towards the oceanic
lithosphere increases only by 23% (Fig. 5), whereas this increase
reaches 56% in the case of a dry rheology assumed for the transitional
mantle lithosphere (exp_2, Fig. 3B). Such limited lateral flow of plume
material towards the oceanic segment is related to deeper penetration
of plume material into weak transitional mantle that, in turn, results in
its involvement in plume-induced subduction processes (Fig. 5). In the
other direction of propagation (i.e. towards the continental litho-
sphere), the spreading of plume material and associated subduction of
the mantle material remain limited but well expressed in cases of both
strong and weak transitional lithosphere (Figs. 3B, 5).

The experiment with a larger mantle plume (exp_8; Fig. 6) differs by
a faster transition to break-up stage (5 Myr instead of 10 Myr in exp_7)
and more long-distance plume head propagation towards oceanic li-
thosphere leading to more developed plume-induced subduction of
transitional mantle lithosphere (at the left side of the model).

10

It is noteworthy that in comparison to the rheology of mantle li-
thosphere within the transitional zone, the initial width of rifted li-
thosphere plays a much smaller role in the resulting system evolution
(see the experiments with transitional lithosphere width of 2000
(exp_13), 1000 (exp_5) and 500 (exp_14) km; Supplementary Fig. 3A,
Fig. 4B, Supplementary Fig. 3B). It is striking that the modelling pre-
dictions (see topography profiles for exp_2, 5, 7 in Figs. 3B, 4B and 5
respectively) match with the overall shape of the differential topo-
graphy across the rifted margin with an elevated plateau extending over
several hundreds of km in the onshore areas with a wavelength far in
excess of wavelengths associated with flexural loading of the litho-
sphere. The magnitudes of the predicted topography in the onshore
areas are larger than actually observed (Fig. 1) as a result neglecting
erosion in our modelling. Incorporation of erosion through a diffusive
erosion law would reduce the magnitude of the plume-induced topo-
graphy to levels compatible with those actually observed (see for a
further discussion e.g. Burov and Poliakov, 2001).



T. Frangois et al.

3. Comparison with inferences from 3D models
3.1. Setup of the 3D thermo-mechanical model

The spatial dimensions of the 3D model are 3000 x 2600 X 635 km.
The model domain consists of 297 x 257 x 67 nodes, thus offering a
spatial resolution of ca. 10 X 10 x 10 km per grid cell.

We incorporate a thermo-rheologically realistic lithosphere fully
coupled to mantle dynamics, encompassing a wide region, and in-
cluding the entire upper mantle. A specific objective here is to put the
results of 2D models presented above in a 3D perspective. In doing so,
we build also on findings of previous 3D modelling of plume-litho-
sphere interactions (Burov and Gerya, 2014; Koptev et al., 2015, 2016,
2017). We adopted thermo-mechanical properties of the lithosphere
and boundary conditions similar to the ones incorporated in 2D ex-
periments to fine tune the 3D model.

Our 3D model setup targets to mimic the first-order elements con-
trolling the geodynamical setting of continental break-up and plume
emplacement in the North Atlantic volcanic rifted margin province.
Thus, the model box contains three 1000 km-wide segments of a two-
layered oceanic lithosphere embedded into surrounding three-layered
continents (Fig. 7A). Continental crust equally divided in felsic (dry
quartzite flow law) upper crust and mafic (diabase flow law) lower
crust (Table 2) has thinned from 36 km to 18 km (synchronously with
the variations in the total lithospheric thickness from 200 km to
75-100 km) within 500 km-long zones adjacent to oceanic segments
(Fig. 7B). The total thickness of the oceanic lithosphere decreases from
75 to 100 km near the continental margin to 10 km underneath the
mid-ocean ridge whereas its monolayer mafic (diabase flow law) crust
keeps a constant thickness of 8 km (Fig. 7B). As in most of the 2D ex-
periments, the ductile rheology of both continental and oceanic litho-
spheric mantle is conditioned by dry olivine (Table 2) dislocation creep
(dry olivine flow law), while sub-lithospheric mantle deforms pre-
dominantly by diffusion creep (dry olivine flow law as well). The initial
thermal structure refers to a linear piece-wise geotherm with 0 °C at the
surface, 700 °C at the Moho (in the case of the continental lithosphere),
1300 °C at the lithospheric base and 1630 °C at the model domain
bottom. Similarly, to most of the 2D models, we apply zero conductive
heat flux and free slip boundary conditions for all vertical boundaries.

The relative position of continental and oceanic lithosphere adopted
in our 3D setup corresponds to that of the Northern Atlantic region at
30-35 Ma (Lundin and Doré, 2002): western and eastern oceanic seg-
ments have been shifted northward (to 500 km and 400 km, respec-
tively) with respect to the central one (Fig. 7A). The mantle plume has
been seeded by a spherical (radius of 250 km) thermal anomaly at the
model box bottom underneath the transition zone between continental
and oceanic lithosphere in the central segment (Fig. 7A-B). This initial
plume location is also consistent with plate-tectonic reconstructions for
the Northern Atlantic at 30-35 Ma (Lundin and Doré, 2002).

We have assumed three weak zones corresponding to local litho-
spheric thinning (up to 90 km): one ridge-parallel 200 km-wide zone
incorporated directly above the mantle plume and two 100 km-wide
zones stretched along transform faults to the south of it (Fig. 7A-B). The
EW-extended weak zone follows evidence for a plume-related jump of
spreading axis from the Aegir ridge to the Kolbeinsey ridge soon after
the Iceland plume emplacement (Lundin and Doré, 2002). Incorpora-
tion of two NS-oriented weak zones is built on the notion that two main
fracture zones located within the studied area (the East Jan Mayen
Fracture Zone (EJMFZ) and the Denmark Strait Fracture Zone (DSFZ),
as shown in Fig. 1) were active in Oligocene.

We refer readers to Gerya (2010), Burov and Gerya (2014) and
Koptev et al. (2015, 2016), and to Appendix B and Table 2 for a detailed
description of the methods, rheology, and material properties.
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3.2. Result of the 3D thermo-mechanical models

Similarly to previous 3D models of plume-lithosphere interaction
(Burov and Gerya, 2014; Koptev et al., 2015, 2016, 2017), the mantle
plume tends to spread laterally after quick (~ 0.5 Myr) upwelling up to
the lithospheric base (Fig. 7c1). However, in the presented experiment,
the pre-imposed zones of lithospheric thinning guide its further lateral
flow: plume head material that is initially stretched along the EW-or-
iented weak zone (Fig. 7c2), reaches adjacent oceanic segments, and
after that it begins to follow two different trends: one part of the plume
continues to spread in an EW direction along mid-oceanic ridges, but
another one penetrates to the south along two transform-parallel weak
zones (Fig. 7¢3-4; Supplementary Fig. 9). In the central part of the
model domain, plume-induced continental break-up leads to develop-
ment of a new spreading axis and separation of a continental micro-
block from the northern continental segment (Fig. 7¢3-4; Supplemen-
tary Fig. 9).

The resulting distribution of plume material reveals its long-distant
(~1000 km) southward propagation along NS-oriented transform faults
up to southern segments of the continental lithosphere (Fig. 7c4; Sup-
plementary Fig. 9). This overall finding is in general agreement with
seismic tomography data showing a present-day Iceland plume stret-
ched not only along the North Atlantic mid-ocean ridge but also along
two ridge-perpendicular zones extending into southern Norway and the
British Isles (Rickers et al., 2013) (Fig. 1).

The southern propagation of two lobes of partially molten mantle
plume material underneath the adjacent volcanic rifted Norway margin
and the southern Scandes provides a quantitative support for a causal
link between upper mantle “asthenospheric” flow and domal uplift of
the Northern Atlantic margin proposed by Rohrman and Van Der Beek
(1996). In this view, compressional domes seaward of the British Isles
and South Norway can be explained by the effect of ridge push on
continental lithosphere weakened by hot material from the lobes of the
Iceland plume.

The resulting spatial distribution of plume material inferred from
our 3D model is largely controlled by the LAB (lithosphere-astheno-
sphere boundary) topography. > 1000 km of lateral propagation of the
plume along transform weak zones predicted by 3D modelling (Fig. 7C,
Supplementary Fig. 9) is in agreement with 2D models (e.g., exp_1 and
exp_4-5) showing similar long-distance flow underneath relatively thin
transitional and/or oceanic lithosphere (Figs. 3A and 4A-B). In con-
trast, a weaker rheology of the transitional lithosphere could lead to a
reduced role of lithospheric thickness variations in the final plume head
configuration (exp_7, Fig. 5). This is due to the more profound pene-
tration of plume material inside the transitional mantle lithosphere that
favors longer propagation towards the thicker segment resulting in
significant down-thrusting and plume-induced subduction of the con-
tinental lithosphere (exp_7, Fig. 5). In case of the 3D experiment, the
EW-oriented zone of lithospheric thinning situated directly above an
upwelled mantle plume plays the role of this “weakening” leading to
deep penetration of hot plume material inside the central part of con-
tinental lithosphere and its further northward propagation associated
with plume-induced continental subduction (Supplementary Fig. 9)
resembling the results of corresponding 2D model (exp_7, Fig. 5).

4. Discussion and conclusions

In this paper, we present the results of 2D and 3D thermo-me-
chanical modelling of plume-lithosphere interactions in rifted margin
settings. The commonly made assumption of a uniform lithosphere at
the site of future break-up (e.g. Burov and Gerya, 2014; d'Acremont
et al., 2003; Brune et al., 2013; Koptev et al., 2017) is not realistic, in
view of the abundant evidence from the geological record that incipient
rifts and rifted margins are usually localized at suture zones separating
stronger lithosphere. Examples include the Caledonides suture, sur-
rounded by cratonic lithosphere, localizing Devonian and Permo-
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Fig. 7. (A) Plan-view of 3D setup: gradient colors from white to orange and blue illustrate gradual transition from minimum to maximum values of lithospheric thickness for oceanic and
continental segments, respectively; transparent white indicates the weak zones corresponding to areas of local lithospheric thinning. (B) Vertical cross section A1-A2 through the central
part of initial 3D setup: thickness of oceanic and continental lithosphere varies from 10 km to 75-100 km and from 75 to 100 km to 200 km, respectively; EW-oriented weak zone is
situated within transitional continental lithosphere directly above a 250 km-radius mantle plume. (C) Plan-view of the 3D model evolution: (c1) uplift of the mantle plume to the base of
the lithosphere; (c2) symmetrical lateral spreading of the plume material following pre-defined EW weak zone; (c3) onset of mantle plume flow in two perpendicular directions: along
spreading ridges and along transform faults; (c4) resulting remote (~1000 km) southward propagation of the plume head material (see also Supplementary Fig. 9 for resulting 3D
configuration). Note that the 3D model provides a set of snapshots of tipping points of first-order features of tectonic regimes in the North-Atlantic region, but is not aiming for its detailed
time evolution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Triassic rifting and subsequent continental break-up around 65 Ma in development frozen mantle plume material is embedded into the lower
the Northern Atlantic (Smit et al., 2016; Beniest et al., 2017b) and the part of the lithosphere, forming dense and high-velocity bodies com-
rift systems created at the edges of the African cratonic lithosphere monly observed in volcanic rifted margin settings (Contrucci et al.,
(Corti et al., 2007; Janssen et al., 1995; Beniest et al., 2017a). For this 2004; Cornwell et al., 2006; Franke et al., 2006; Schnabel et al., 2008;
reason, most of our 2D initial model setups consist of three different Blaich et al., 2011; Dressel et al., 2015).
segments of oceanic, continental and transitional lithosphere. As demonstrated in this study, 2D models are useful for parametrical
Comparison with the results of the models with homogeneous li- studies, benefiting from complementary 3D approaches for a more de-
thosphere (exp_19-21, Supplementary Fig. 5) reveals that lateral var- tailed comparison with observations from rifted margin systems such as
iations of lithospheric structures across the margin exert a key control the Northern Atlantic volcanic rifted margin province. We have used
on the dynamic emplacement of plumes and its topographic expression detailed 2D analysis when designing the 3D setup model that mimics
at the surface (exp_1-3, Fig. 3 and exp_22-23, Supplementary Figs. 6 roughly the relative position of continental and oceanic lithosphere in
and 8). Note, however, that despite that both the structure of the li- the Northern Atlantic region at the moment of Iceland plume empla-
thosphere and initial plume position play the most important role in the cement (30-35 Ma). In the case of the Northern Atlantic, gravity data
resulting mode of plume emplacement, the degree of plume head and anomalous ocean floor bathymetry demonstrate that the thermal
asymmetry is largely controlled by the initial size of the mantle plume anomaly associated with the Iceland plume has not decayed yet. The
anomaly seeded at the bottom of the model box. In contrast, parameters observed plume distribution with up to 400 km southward propagation
such as the width of the transitional zone or the rheology of its lower into continental lithosphere can be reproduced by a 3D model con-
crust (exp_13-15) appear to have a less important impact (Supple- taining pre-imposed zones of lithospheric thinning along transform
mentary Fig. 3) in comparison to that of the initial plume size and faults (e.g. the East Jan Mayen Fracture Zone and Denmark Strait
position with respect to inherited lithospheric structure (exp_4-6, Fig. 4 Fracture Zone, Fig. 1).

and exp_24-25, Supplementary Fig. 7).
Variations in rheology of the transitional mantle lithosphere (exp_2

and exp_7) have a very important influence on the style of lateral Acknowledgments
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Appendix: Numerical method description
Appendix A. 2D numerical model

We use our thermo-mechanical code Flamar v12 to assess the response of a multilayered visco-elasto-plastic lithosphere. The code is based on the
FLAC (Cundall, 1989) and Parovoz algorithm (Poliakov et al., 1993) and is described in many previous studies (e.g., Burov and Poliakov, 2001;
Burov et al., 2001; Burov et al., 2003; Burov and Guillou-Frottier, 2005; Burov and Cloetingh, 2009). Here we limit the description of the code to its
most essential features: the ability to handle (1) large strains and multiple visco-elastic-plastic rheologies (EVP) including Mohr-Coulomb failure
(faulting) and non-linear pressure-temperature and strain-rate dependent creep; (2) strain localization; (3) thermo-dynamic phase transitions; (4)
internal heat sources.

A.1. Basic equations

As its prototypes FLAC (Cundall, 1989) and Parovoz (Poliakov et al., 1993), Flamar has a mixed finite-difference/finite element numerical
scheme, with a Cartesian coordinate frame and 2D plane strain formulation. The Lagrangian mesh is composed of quadrilateral elements subdivided
into 2 couples of triangular sub-elements with tri-linear shape functions. Flamar uses a large strain fully explicit time-marching scheme. It locally
solves full Newtonian equations of motion in a continuum mechanics approximation:

(pii) — Vo — pg =0 A1)
coupled with constitutive equations:
Do

— =F(o,u,v, Vv,..T...
o - F @y VT (A.2)

and with equations of heat transfer, with the heat advection term included in the Lagrangian derivative DT/Dt, are:
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pC,DT/Dt = V(KVT) = 3 H; =0 (A.3)

p=f(PT) (A4

Here u, o, g, k are the respective terms for displacement (v = 1), stress, acceleration due to body forces and thermal conductivity. P is pressure
(negative for compression). The thermo-mechanical parameters used in the numerical modelling are provided in Table 1. The inertial term (first
parameter in the Eq. (A.1)) is negligible for geodynamic applications. It is retained since FLAC employs an artificial inertial dampening density
allowing to slow-down the elastic waves and hence advance with considerably larger time steps (Cundall, 1989) than would be required in a fully
inertial mode. The triangular brackets in Eq. (A.1) specify conditional use of the related term (in quasi-static mode inertial terms are damped using
inertial mass scaling (Cundall, 1989)). The terms t, p, C,, T, H; designate respectively time, density, specific heat capacity, temperature, internal heat
production per unit volume, respectively. The symbol ¥ means summation of various heat sources H; The expression p = f(P,T) refers to the
formulation, in which phase changes are taken into account and density is computed by a thermodynamic module that evaluates the equilibrium
density of constituent mineralogical phases for given P and T as well as latent heat contribution H; to the term (%"H; = H, + Hy; + H; + H,...), which
also accounts for radiogenic heat H,, frictional dissipation Hyand adiabatic heating H,,. The terms Do/Dt and F are the objective Jaumann stress time
derivative and a functional, respectively. In the Lagrangian method, incremental displacements are added to the grid coordinates allowing the mesh
to move and deform with the material. This permits for the solution of large-strain problems while using locally a small-strain formulation: on each
time step the solution is obtained in local coordinates, which are then updated in a large-strain mode, as in a standard finite element framework. The
adiabatic heating term is specified as (Gerya, 2010): Ha = % where T, = 298 K and a is the coefficient of thermal expansion.

Solution of Eq. (A.1) provides velocities at mesh points used for computation of element strains and of heat advection uVT. These strains are used
in Eq. (A.2) to calculate element stresses and equivalent forces used to compute velocities for the next time step. Due to the explicit approach, there
are no convergence issues, which is rather common for implicit methods in case of non-linear rheologies. The algorithm automatically checks and
adopts the internal time step using 0.1-0.5 of Courant's criterion of stability, which warrants stable solution.

A.2. Phase changes

Direct solution for density (Eq. (A.4), p = f(P,T)) is obtained from optimization of Gibbs free energy for a typical mineralogical composition (5
main mineralogical constituents) of the mantle and lithosphere. With that goal, Flamar was coupled with the thermodynamic codes PERPLE_X
(Connolly, 2005) and Theriak (De Capitani, 1994). PERPLE X was used for mantle and most crustal rocks and Theriak - for granites and sediments
(Yamato et al., 2007, 2008). These codes minimize free Gibbs energy G for a given chemical composition to calculate an equilibrium mineralogical
assemblage for given P-T conditions:

n
G =) uN;
i=1 (A.5)
where ; is the chemical potential and N; the moles number for each component i constitutive of the assemblage. Given the mineralogical com-
position, the computation of density is straightforward (Yamato et al., 2007, 2008). The thermodynamic and solid state physics solutions included in
PERPLE X also yield estimations for elastic and thermal properties of the materials, which are integrated in the thermo-mechanical kernel Flamar via
Egs. (A.1), (A.2), (A.3) and (A.4).

A.3. Explicit elastic-viscous-plastic rheology

We use a serial Maxwell-type solid valid for isotropic material, in which the total strain increment in each numeric element is defined by the sum
of elastic, viscous and brittle strain increments. In contrast to fluid dynamic approaches, where non-viscous rheological terms are simulated using
pseudo-plastic and pseudo-elastic viscous terms (e.g., Bercovici et al., 2001; Solomatov and Moresi, 2000), Flamar explicitly treats all rheological
terms. The parameters of elastic-ductile-plastic rheology laws for crust and mantle derived from rock mechanics data are provided in Table 2 (Kirby
and Kronenberg, 1987 and Kohlstedt et al., 1995).

A.4. Plastic (brittle) behavior
The brittle behavior of rocks is described by Byerlee's law (Byerlee, 1978; Ranalli, 1995) which corresponds to a Mohr-Coulomb material with
friction angle ¢ = 30° and cohesion |Cy| < 20 MPa:

T=Cy+ o, tan¢ (A.6)

where o, is normal stress o, = Y07 + o %7 sing, Y501 = P is the effective pressure (negative for compression), o is the second invariant of
deviatoric stress, or effective shear stress. The condition of the transition to brittle deformation (function of rupture f) reads as:

f=oy% + Psing — Cycos¢p = 0 (A7)
and
of /ot =0 (A.8)

In terms of principal stresses, the equivalent of the yield criterion (8) reads as:

o — g3 = —sing(ay + g3 — 2Cy/tan @) (A.9)

A.5. Elastic behavior
The elastic behavior is described by the linear Hooke's law:

oy = Agydy + 2Gey (A.10)

where A and G are Lame's constants. Repeating indexes mean summation and 8 is the Kronecker's operator.
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A.6. Viscous (ductile) behavior
Within deep lithosphere and underlying mantle regions, creeping flow is highly dependent on temperature and is non-linear non-Newtonian since
the effective viscosity also varies as function of differential stress (Kirby and Kronenberg, 1987; Ranalli, 1995):

¢l = A (0, — 03)"exp(—Q RITY) (A.11)

where &9 is effective shear strain rate, A is a material constant, n is the power-law exponent, Q = E, + PV is the activation enthalpy, E, is activation
energy, V is activation volume, P is pressure, R is the universal gas constant, T is temperature in Kelvin, and 0; and o3 are the principal stresses. In
case of the diffusion creep, A = a™A, where a is grain size, m is experimental parameter for diffusion creep. For the diffusion creep the activation
energy E, = 300 kJ mol ™ 1 A4;=192x10"'MPa~'s™ !, a=1 and m = 1 (Karato and Wu, 1993). The effective viscosity Ueg for this law is
defined as:

Mg = EXM/1 ATV o35 (Q (MRT)™! (A.12a)

The dominating creep mechanism in the lithosphere is dislocation creep while in deeper sublithosphere mantle this role is played by the diffusion
creep. The composition viscosity is calculated according to the generally adopted mixing rule (e.g., Burov, 2011):

M " =0 )T (A.12b)

Dislocation creep parameters are provided in the Table 2.
For non-uniaxial deformation, the law (Eq. (A.12a)) is converted to a triaxial form, using the invariant of strain rate and geometrical pro-
portionality factors (Burov et al., 2001):

Hegen ™" (A mexp (Q(nRT)™! (A.13)
where
F..'dH = (IHVH(E.'U))VZandA* = 1/2A'3(n+1)/2 (A.14)

The parameters A, n, Q are the experimentally determined material parameters (Table 2). Using olivine parameters, we verify that the predicted
effective viscosity just below the lithosphere is 1-5 x 10'° Pa s matching post-glacial rebound data (Turcotte and Schubert, 2002). Due to tem-
perature dependence of the effective viscosity, the viscosity decreases from 10%° to 10>’ Pa s to asthenospheric values of 10'° Pa s in the depth
interval 0-250 km. Within the adiabatic temperature interval in the convective mantle (250 km—650 km), the dislocation flow law (Eq. (A.12a)) is
dominated by nearly Newtonian diffusion creep. In this interval, temperature increases very slowly with depth while linearly growing pressure starts
to affect viscosity resulting in its slow growth from 10'° Pa s in the asthenosphere to a value ranging from 10?° Pa s to 10%? Pa s at the base of the
upper mantle (e.g., Turcotte and Schubert, 2002).

Appendix B. 3D Numerical model

B.1. General overview

Investigating plume-lithosphere interactions requires a model that incorporates a thermo-rheologically realistic lithosphere fully coupled to
mantle dynamics in three dimensions, encompasses a wide region, and includes the entire upper mantle. This infers large-scale 3D models with high
tectonic-scale spatial resolution (of at least 10 x 10 X 10 km). The corresponding mesh dimensions are very important, on the order of 5 x 10°
elements, which implies unprecedented numerical efforts. We meet this challenge using and optimizing the staggered grid/particle-in cell viscous-
plastic 3D code I3DELVIS (Gerya, 2010).

B.2. Governing equations

The momentum, continuity and energy equations are solved by the numerical code I3ELVIS (Gerya, 2010; Gerya and Yuen, 2007). Its numerical
schema is based on finite-differences with a marker-in-cell technique where physical properties are transported by Lagrangian markers that move
according to the velocities field interpolated from the fixed fully staggered Eulerian grid (Gerya, 2010; Gerya and Yuen, 2007).

The momentum equations are solved in the form of Stokes flow approximation:
ooy, 0oy doy, 0P

—_— + _
0x dy 0z ox

do,.  do, oo, P

D Dow B P

Ox dy oz dy

3}, N doy, N 8o, _ oP

ox dy & 8, (B.1)

where 0;; are the components of the viscous deviatoric stress tensor, P is the dynamic pressure, p is the density and g is the acceleration due to gravity.
Conservation of mass is approximated by the continuity equation:

O O 9

ox dy dy ’ (B.2)

where v,, v, and v, indicate the components of velocity vector.
The components of the deviatoric stress tensor are calculated using the viscous constitutive relationship between stress and strain rate for a
compressible fluid (Gerya and Yuen, 2007):

o = 2néy, (B.3)

where the components of shear strain rate tensor are:
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. 1 [ow 9y
gi = — + —
' /z[axf axi) (B.4)

The model uses non-Newtonian visco-plastic rheologies where the viscosity for dislocation creep is defined as follow (Ranalli, 1995; Karato and
Wu, 1993):

1
1 B+ PV\\7 1o
n= /Z(AD‘?XP(T &,

where T is temperature, & = ,/1/2¢;¢; is the second invariant of the strain rate tensor and Ap, E, V, n and R are the material constant, the activation
energy, the activation volume, the stress exponent and the gas constant respectively.
Plasticity is implemented using the Drucker-Prager yield criterion (Karato and Wu, 1993):

(B.5)

Oyiela = C + Psin(g), (B.6)

where C and ¢ the residual rock strength and the internal frictional angle respectively that depend on the total plastic strain (Gerya, 2013a, 2013b;
Huismans and Beaumont, 2002).
The mechanical equations are coupled with heat conservation equations:

9 = —ki—z,
9 = —kZ—;,
T
%=~k B.7)

where C, is the heat capacity; k is the thermal conductivity, H, is the radiogenic heat production and H, and H;, are the contributions due to
isothermal (de)compression (i.e., adiabatic heating/cooling) and the shear heating, respectively.

Similarly to Flamar v12, I3DELVIS is fully thermo-dynamically coupled and accounts for mineralogical phase changes by thermodynamic so-
lution for density, p = f(P,T) obtained from optimization of Gibbs free energy for a typical mineralogical composition of the mantle, plume and
lithosphere material (Connolly, 2005). Partial melting is taken into account using the most common parameterization (Katz et al., 2003; Gerya,
2013a, 2013b) of hydrous mantle melting processes. For crustal rocks we use a simple Boussinesq approximation since phase transformations in
these rocks are of minor importance for the geodynamic settings explored here.

The effectively free surface topography is reproduced by emplacement at the top of upper crust a 30 km-thick low-viscosity “sticky air” layer
(Crameri et al., 2012; Duretz et al., 2011).

More detailed information on rheological and material properties can be found in our previous studies (Burov and Gerya, 2014; Koptev et al.,
2015, 2016).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.tecto.2017.11.027.
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