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A B S T R A C T

Geophysical and geological observations hint for the presence in the lithospheric mantle of both active and fossil 
shear zones with varied past kinematics. Shear in the lithospheric mantle produces olivine crystallographic 
preferred orientations (CPO), which lead to dependence of the viscous behavior on the direction of the load. Yet, 
the role of anisotropic viscosity in the mantle is seldom considered in models of structural reactivation. Here, we 
present 3-D geodynamic finite-element models that quantify the strain and viscosity distribution in a lithosphere 
containing a fossil thrust (or extensional) mantle shear zone with variable orientation relatively to a new 
extensional or compressional tectonics. The results were compared to that of a fossil strike-slip mantle shear 
zone. The fossil olivine CPO in the shear zone produces an anisotropic response of the lithospheric mantle, which 
is modelled using a parameterized description of viscous anisotropy derived from polycrystal plasticity simu-
lations. We found that CPO-induced reactivation of fossil extensional or thrust mantle shear zones is favored for 
dips 30–60◦, with maximum strain localization if the load is normal to the trend of a fossil shear zone dipping by 
45◦-50◦. This represents a broader range of reactivation potential than in fossil strike-slip mantle shear zones. 
Both fossil shear zones trending at 45◦ to the imposed load are reactivated regardless of their dip. For a given 
viscous anisotropy in the lithospheric mantle (i.e., fossil shear zone orientation), the associated strain localization 
in the crust is always higher under extensional reactivation, where strain rates may be up to ~100 times higher 
than those in the (isotropic) surrounding crust. These results imply that viscous anisotropy associated with fossil 
mantle shear zones plays a key role in large-scale structural reactivation during successive tectonic episodes, 
shaping the current lithospheric architecture, such as in the Pyrenees and Norwegian margin.   

1. Introduction

It has long been noticed that major lithospheric structures formed in
rifts and orogens are often reactivated during subsequent tectonic events 
(Wilson, 1966). This observation is corroborated by the parallelism 
between ancient lithospheric-scale shear zones and present-day 
geological and geophysical structures within continents (cf. examples 
in Tommasi and Vauchez, 2001; Vauchez et al. 1997, Vissers and Meijer, 
2012). Seismic anisotropy associated with these shear zones, in partic-
ular splitting of teleseismic shear (S)-waves, results mainly from strain- 
induced crystal preferred orientations (CPO) of olivine in the upper 
~200 km of the mantle (Nicolas and Christensen, 1987). Hence, 
coherent patterns of teleseismic S-wave splitting data over domains tens 

to hundreds of km-wide within continents (splitting.gm.univ-montp2. 
fr/DB) are interpreted as due, at least in part, to olivine CPO formed 
during deformation in major past tectonic episodes and now fossilized in 
the lithospheric mantle. 

High delay times (>1 s) of teleseismic S-wave splitting and fast po-
larization directions sub-parallel to the trend of lithospheric-scale shear 
zones with strike-slip, transtensive or transpressive kinematics, together 
with high Pn anisotropy suggest that such shear zones crosscut the entire 
lithosphere (Judenherc et al., 1999; Vauchez and Tommasi, 2003; review 
in Vauchez et al., 2012). This pattern is particularly clear along active 
continental transform plate boundaries, like the Alpine (Duclos et al., 
2005) and San Andreas faults (Hartog and Schwartz, 2001; Bonnin et al., 
2012). It is also observed along large intraplate transcurrent or 
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transpressive shear zones of various ages, like the Kunlun fault in the 
Himalayas (Hirn et al., 1995) or the Grenville front in Canada (Sénéchal 
et al., 1996). 

Usually, shallowly- to moderately dipping extensional or compres-
sional shear zones do not generate clear teleseismic S-wave splitting, 
likely due to the limited thickness sampled by the wave path. However, 
in some cases, the presence of such shear zones in the lithospheric 
mantle may be inferred from the observation of fast polarization di-
rection of S-wave sub-perpendicular to the shear zone trend, as in the 
Mid-Norway margin (Grund and Ritter, 2020) or the Moine Thrust in the 
Scottish Highlands (Bastow et al., 2007). Extensional shear zones in the 
lithospheric mantle are more commonly inferred based on deep seismic 
reflectors, as those observed beneath the Basin and Range (Catchings 
and Mooney, 1991) and the Norwegian margin (Peron-Pinvidic and 
Osmundsen, 2020). Another robust line of evidence for the existence of 
extensional shear zones crosscutting the lithospheric mantle comes from 
exhumed peridotite massifs, as Lanzo (Kaczmarek and Tommasi, 2011), 
Beni Bousera (Frets et al., 2014), and Erro-Tobio (Vissers et al., 1995), 
which display km-scale mantle shear zones accommodating lithospheric 
thinning. Thrust shear zones in the mantle are more rarely exposed, but 
they have been mapped in the field in the Oman ophiolite (e.g., Boudier 
and Coleman, 1981) and inferred from deep seismic transects across the 
Pyrenees (Muñoz, 1992) and the Alps (Nicolas et al., 1990). 

Olivine CPO produces not only anisotropy of the elastic behavior (e. 
g., anisotropy of seismic waves propagation), but also of the viscous 
behavior, as indicated by direct experimental measurements in hot- 
pressed (Hansen et al., 2012) and natural (Meyers and Kohlstedt, 
2021) olivine aggregates. Viscous anisotropy associated with coherent 
olivine CPO at plate-scale has been argued to result in lateral variations 
in strength of the lithospheric mantle (Tommasi and Vauchez, 2001, 
2015). Numerical models coupling polycrystal plasticity and geo-
dynamic simulations predict that CPO-induced viscous anisotropy in the 
lithospheric mantle may lead to reactivation of fossil vertical strike-slip 
shear zones if the new tectonic load is oblique to the shear zone trend 
(Knoll et al., 2009; Tommasi et al., 2009). More recent geodynamic 
simulations, in which olivine-induced viscous anisotropy is imple-
mented via a parameterization derived from polycrystal plasticity sim-
ulations, showed that viscous anisotropy associated with fossil vertical 
strike-slip shear zones in the mantle may trigger strain localization 
with strong along-strike component in both the mantle and overlying 
crust (Mameri et al., 2021). The orientation of the olivine CPO in a 
mantle shear zone, and the resulting anisotropic response, depends on 
the shear zone kinematics (Tommasi et al., 1999). Extensional or thrust 
mantle shear zones exhibit stretching lineations and, in most cases, 
olivine CPO characterized by [100]-maxima at high angle to the shear 
zone trend, whereas strike-slip shear zones exhibit both stretching lin-
eations and olivine CPO characterized by [100]-maxima parallel to their 
trend. Therefore, the loading geometries in which CPO-induced viscous 
anisotropy in the lithospheric mantle will produce reactivation of the 
fossil structures will probably differ as a function of the shear zone’s past 
kinematics. 

The role of CPO-induced viscous anisotropy in fossil mantle shear 
zones has often been overlooked in models of large-scale structural 
reactivation and tectonic inversion, which tend to focus on structural 
inheritance in the crust (e.g., Jackson, 1980; Butler, 1989). Reactivation 
of Variscan lithospheric-scale shear zones, which affected both the crust 
and the lithospheric mantle, was, nevertheless, proposed to play an 
important role in both the Pyrenean rifting and orogeny (Vauchez et al., 
1997; Saspiturry et al., 2020). Reactivation of Caledonian lithospheric- 
scale shear zones was also proposed as an important factor in the early- 
phase of stretching in the hyperextended Norwegian margin (Peron- 
Pinvidic and Osmundsen, 2020). In the present study, we explore the 
role of anisotropic viscosity of mantle structures with different past ki-
nematics on large-scale structural reactivation in a quantitative manner, 
addressing the following questions: Does CPO-induced viscous anisot-
ropy in fossil extensional or thrust mantle shear zones favor strain 

localization? If yes, for which orientations of the tectonic load relative to 
the fossil mantle structures? What is the magnitude of strain localization 
compared to that associated with reactivation of fossil strike-slip mantle 
shear zones? Does strain localization propagate from the mantle to the 
crust? If so, how do gravity forces affect the reactivation and impact 
lithospheric thickness? 

2. Methods

2.1. Modeling CPO-induced viscous anisotropy

To model the effect of the viscous anisotropy of olivine CPO on plate- 
scale deformation we build on our previous work (Mameri et al., 2019), 
in which the viscoplastic anisotropy of olivine aggregates was modelled 
using the second-order viscoplastic self-consistent approach (SO-VPSC; 
Ponte Castañeda, 2002). This approach considers average intragranular 
fluctuations in strain-rate and stress, which makes it a good choice for 
approximating the effective behavior of polycrystals composed of highly 
anisotropic crystals such as olivine. The SO-VPSC simulations are used to 
parameterize the CPO-induced viscoplastic anisotropy of an olivine 
polycrystal using the Hill (1948) yield function (Signorelli et al., 2021). 
The viscous anisotropy associated with a given olivine CPO is described 
by six material coefficients (F,G,H,L,M,N) obtained in the CPO reference 
frame (Table 1). The coefficients are calibrated using olivine poly-
crystals composed of 1000 grains and slip systems data (Table 2) derived 
from high-temperature, moderate pressure laboratory experiments of 
deformed olivine single crystals (Bai et al., 1991). Since only dislocation 
creep is considered, the calculations provide an upper bound for viscous 
anisotropy of olivine at lithospheric conditions (Mameri et al., 2019). 
The anisotropy coefficients depend mainly on the olivine CPO symmetry 
and intensity. This parameterization was implemented in the elasto- 
visco-plastic thermomechanical code Adeli3D, which is based on a 
Lagrangian finite-element discretization (Hassani et al., 1997). For de-
tails on the parameterization of the viscous anisotropy of olivine poly-
crystals and its implementation in the geodynamical code refer to 
Signorelli et al. (2021). 

Here, this geodynamic code is employed to model a lithosphere 
containing a viscous anisotropic mantle with thermally-activated non- 
linear rheology, simulating deformation by dislocation creep. Short-
ening or stretching is imposed on a continental lithosphere containing a 
fossil mantle shear zone with varied past kinematics trending normal to 
the imposed tectonic load. The aim is to evaluate the reactivation po-
tential of fossil extensional (or thrust) mantle shear zones with variable 
dip angles and to compare this reactivation potential with that of fossil 
strike-slip mantle shear zones. 

To obtain first-order predictions of the effect of viscous anisotropy on 
the mantle shear zones strength, we first computed using the SO-VPSC 
model the instantaneous anisotropic response of an olivine polycrystal 
with a strong orthorhombic CPO for a large range of loading-geometries 
(Fig. 1). These SO-VPSC simulations consider an olivine CPO with the 
same symmetry, intensity (J = 12.7), number of grains (n = 1000) and 

Table 1 
Hill coefficients for random, weak, intermediate and strong orthorhombic 
olivine CPO.  

Coefficients F G H L M N 

Isotropic 
(J = 1) 0.50 0.50 0.50 1.50 1.50 1.50 

Anisotropic* 
(J = 2.8) 

0.19 0.37 0.51 2.85 1.59 1.67 

Anisotropic* 
(J = 6.8) 

0.06 0.31 0.45 5.24 1.73 1.88 

Anisotropic* 
(J = 12.7) 0.02 0.22 0.37 8.91 2.12 2.30  

* CPO with [100]- and [010]-maxima parallel to X and Y of the pole figure,
respectively. J-index (J) 
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relative slip systems strength (see CRSS in Table 2) than those used to 
estimate the viscous anisotropy parameters of most geodynamical sim-
ulations in this study. Axial shortening was imposed at 15◦ intervals 
relative to the maximum concentration of the [100] axes of the olivine 
CPO. The estimated mechanical response (stress required to accommo-
date the imposed shortening) was normalized to that of an isotropic 
polycrystal. These simulations provide a first hint on the reactivation 
potential of fossil mantle shear zones with strike-slip (Fig. 1a) or 
extensional (or thrust; Fig. 1b) past kinematics as a function of their 
trend (θ◦) and dip (α◦) relative to a horizontal tectonic load. To mimic 
the boundary conditions in the geodynamical models, mixed boundary 
conditions were imposed to the SO-VPSC simulations, that is, a constant 
velocity was applied along the direction Y and equal non-null constant 
stresses were applied along the directions X and Z; shear velocities were 
null (see §2.3.2 in Signorelli et al., 2021 for details). In these polycrystal 
plasticity simulations, shortening and extension are equivalent, since 
olivine does not develop mechanical twinning. 

The SO-VPSC simulations predict that the lowest strength produced 
by olivine viscous anisotropy should be observed in (1) fossil vertical 

strike-slip shear zones trending at 45◦ to the imposed shortening (case 
#1 in Fig. 1a) or stretching, and (2) in fossil extensional (or thrust) 
mantle shear zones dipping by 45◦ trending normal to the imposed 
shortening or stretching (case #2/3 in Fig. 1b). These simulations also 
imply that fossil mantle shear zones trending at 45◦ to the imposed 
tectonic load are always favorably oriented to be reactivated, indepen-
dently of their dip (red and black circles in Figs. 1a, b indicate a lower 
strength than that of an isotropic olivine polycrystal). In the following 
geodynamical models, we examine the reactivation potential of fossil 
strike-slip and extensional (or thrust) mantle shear zones oriented 
perpendicular to the tectonic load with varied dip angles, and compare it 
to the reactivation potential of vertical strike-slip mantle shear zones 
trending at various angles to the tectonic load. The SO-VPSC simulations 
predicts sharp contrast in mechanical behavior in these orientation- 
relations (see circles enclosed by dashed lines in Figs. 1a, b), indi-
cating potential reactivation only when the shear plane is at ~45◦ to the 
load. 

2.2. Geodynamical model setup 

The models simulate a continental lithosphere 1100 km-long, 500 
km-wide and 120 km-deep, consisting of a 40 km-thick crust and an 80 
km-thick lithospheric mantle (Fig. 2). The asthenosphere was not 
considered. The crust is homogenous and isotropic in all runs. The 
mantle comprises a 50 km-wide tabular zone representing a fossil shear 
zone. In most runs, this zone is characterized by an orthorhombic olivine 
CPO consistent with simple shear deformation (Tommasi et al., 1999), 
with a strong CPO intensity (J-index = 12.7, M-index = 0.42), while the 
surrounding mantle has a random olivine CPO (J-index = 1, M-index =
0). We also tested intermediate (J-index = 6.2, M-index = 0.25) and 
weak CPO intensities (J-index of 2.8, M-index = 0.12) within the mantle 
shear zone, as well as a strong olivine CPO in the surrounding mantle 
with an orientation different from that of the mantle shear zone. The 
tested CPO intensities sample the range observed in naturally deformed 
mantle peridotites (Tommasi and Vauchez, 2015). In all simulations the 
bulk shortening or stretching remained <10%, allowing us to neglect the 

Table 2 
Slip systems parameters used in the SO-VPSC simulations.  

Slip systems Critical resolved shear stress # Stress exponent 

(010)[100] 1 3 
(001)[100] 1 3 
(010)[001] 2 3 
(100)[001] 3 3 
(011)[100] 4 3 
(110)[001] 6 3 
{111}〈110〉a 50 3 
{111}〈011〉a 50 3 
{111}〈101〉a 50 3  

# Adimensional values, normalized by the flow stress of the (010)[100] slip 
system, derived from high temperature, moderate pressure experiments on 
olivine single crystals (Bai et al., 1991). 

a Slip systems not active in olivine, used for stabilizing the calculations; they 
accommodate <5% strain in all simulations. 

Fig. 1. Strength of an olivine polycrystal 
with a strong orthorhombic CPO (J = 12.7) 
subjected to axial extension (Vy) at different 
angles to the CPO (cf. reference frame in 
insert at the top left of pole figures) relative 
to the isotropic polycrystal; calculated using 
the second-order viscoplastic self-consistent 
(SO-VPSC) approach. The CPO is oriented 
as expected in fossil a) strike-slip (horizontal 
[100]-maximum) and b) extensional/thrust 
(down-dip [100]-maximum) mantle shear 
zones with different orientations of strike 
and dip relative to a horizontal tectonic 
load. Black-red circles characterize aniso-
tropic polycrystals weaker than the isotropic 
polycrystal (ratio between bulk Von Mises 
equivalent stresses), whereas yellow-white 
circles characterize anisotropic polycrystals 
stronger than the isotropic (J = 1) one. The 
dashed domains indicate the orientation- 
relations studied by geodynamic modeling, 
while the numbers inside the circles corre-
spond to the simulations presented in detail 
in Figs. 3-5. The orientation-relation be-
tween the extension direction and the 
olivine CPO for the four numbered simula-
tions are displayed as pole figures. (M.U.D: 
Multiples of Uniform Distribution).  

L. Mameri et al.



4

evolution of the olivine CPO in response to the imposed load. 
In this study, we simulated fossil mantle shear zones trending normal 

to an imposed shortening or stretching (θ = 90◦), but with variable dip 
angles (α = 30◦ − 90◦). In most cases, the fossil mantle stretching 
lineation (Lx) and, hence, the maximum concentration of [100]-axes of 
the olivine CPO within the mantle shear zone plunges down-dip, simu-
lating past extensional or thrust kinematics (Fig. 2b); from now on called 
‘fossil extensional/thrust mantle shear zone’. We also ran a few models 
with a mantle shear plane with variable dip angles and [100]-maximum 
parallel to the shear zone trend in a horizontal orientation, simulating 
shallow to moderate dipping mantle shear zones with past strike-slip 
kinematics. The results are compared with the response of a fossil 
strike-slip mantle shear zone with a vertical shear plane trending be-
tween 30◦ and 90◦ to the tectonic load (Fig. 2a). Independently of the 
dip of the mantle shear plane, fossil shear zones with horizontal 
stretching lineation, and thus [100]-maximum, are referred to as ‘strike- 
slip’ in this study, and we distinguish them by the dip of the shear plane: 
vertical (as in Mameri et al., 2021) or moderately dipping (this study). 
The reactivation potential of fossil mantle shear zones oriented at low 
angles (<30◦) to the imposed load direction is inferred utilizing SO- 
VPSC simulations and the symmetry between complementary angles 
(e.g., 90◦ with 0◦ and 75◦ with 15◦) in the strain localization pattern as 
the trend or dip of the shear plane vary. This approach was employed 
because such low angles of strike or dip requires very large simulation 
boxes to prevent the tabular shear zone from intersecting the boundary 
where the velocity is imposed. A summary of the geodynamical models 
explored in this study is presented in the supplementary material 
(Table S1). 

Tectonic load was enforced by imposing a constant horizontal ve-
locity (Vy = 3 cm/y) normal to the left lateral boundary of the simulation 
box and free-slip conditions (Vy = 0) at the opposed lateral boundary. 
Lithostatic pressure conditions were ascribed to the other lateral and the 
bottom boundaries. The upper boundary was set free. Gravitational 
forces were considered. Linear geothermal gradients were specified in 
the crust and mantle, with constant temperatures of 25 ◦C and 1200 ◦C 
at the top and bottom boundaries of the simulation box, respectively, 
and Moho temperature of 600 ◦C (Fig. 2c). A constant density (ρ) of 
3000 kg/m3 was assigned to both mantle and crust. This value repre-
sents the average density for a crust with ρ = 2600 kg/m3 and a mantle 
with ρ = 3300 kg/m3, weighted for thicknesses of 80 km and 40 km, 
respectively. The crust was discretized by 5 km-wide tetrahedral mesh- 
elements and the mantle by 10 km-wide tetrahedral mesh-elements. In a 
few cases, the mesh in the crust atop the intersection between the fossil 
mantle shear zone and the Moho was refined by a factor 2 (supple-
mentary Fig. S4). 

Brittle deformation in the upper crust was modelled by an elasto-
plastic rheology that follows an isotropic pressure-dependent Drucker- 
Prager yield criterion, with a cohesive strength of 10 MPa. Frictional 
weakening was imposed by decreasing the internal angle of friction from 
30◦ to 15◦ at 1% of plastic strain in the mesh-element. The ductile 
deformation in the crust was modelled using a thermally-activated 
isotropic viscous rheology with a wet quartzite dislocation creep flow 
law (Paterson and Luan, 1990). This rheology results in maximum 
stresses of ~250 MPa at a strain rate of ~10− 15 s− 1. The ductile defor-
mation in the mantle was modelled using a thermally-activated viscous 
rheology with a wet dunite dislocation creep flow law (Chopra and 

Fig. 2. Geometry and boundary conditions of the geodynamical simulations. The simulation box represents a continental plate containing: A) a fossil strike-slip shear 
zone that, as in Mameri et al., 2021, the dip angle (α̊) is constant, vertical, with trend (θ̊) at variable orientations to the imposed horizontal compression (Vy) or 
extension (-Vy) (shown above, α=90, θ=45◦), or, as in the present study, dip α̊ vary while the trend is constant at θ=90◦; B) a fossil extensional or thrust shear zone 
with variable dip trending normal to the load direction (shown above, α=45◦, θ=90◦). The anisotropic fossil shear zone is solely defined by a change in the 
orientation or intensity of the olivine CPO in the mantle. As represented in the left panel, the [100]-maximum of the olivine CPO follows the stretching lineation (Lx); 
it is horizontal, along-trend in fossil strike-slip mantle shear zones, and it is down-dip, normal-trend in fossil extensional (or thrust) mantle shear zones. In most runs, 
the mantle surrounding the shear zone has a random CPO. C) Geotherm and predicted differential stress profile for a constant strain rate of ~10− 15 s− 1. Wavy-arrows 
in the bottom and lateral planes of the simulation boxes represent lithostatic pressure boundary conditions; see text (§2.2) for details. 

L. Mameri et al.
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Paterson, 1981), modified to account for the parametrized CPO-induced 
viscous anisotropy (Signorelli et al., 2021). By utilizing this flow law, we 
do not imply that the lithospheric mantle is wet. Rather, this flow law is 
employed because it produces maximum stresses of ~400 MPa in the 
shallowest mantle at a strain rate of ~10− 15 s− 1, consistent with pre-
dictions of recent flow laws for dry olivine accounting for the power law 
breakdown (Gouriet et al., 2019). Isotropic material parameters are 
summarized in Table 3. 

3. Results

Strain localization was quantified by the ratio between the average
strain rate, defined as the average of the 2nd invariant of the strain rate 
tensor J2(D), in the fossil mantle shear zone and in the crustal domain 
located in the upward continuation of the mantle shear zone, and the 
average strain rate in the surrounding mantle and crust, respectively. 
Strain localizes in fossil strike-slip and extensional/thrust mantle shear 
zones when both [100]- and [010]-maxima of the olivine CPO are 
oblique to the imposed load direction (Fig. 3b). A strain localization 
factor of ~30 is observed in a fossil extensional/thrust mantle shear 
zone dipping by 45◦ and trending normal to the imposed extension (case 
#2, θ = 90◦,α = 45◦). This strain localization factor is very close to that 
(~28) displayed by a vertical fossil strike-slip mantle shear zone 
trending at 45◦ to the imposed compression (case #1, θ = 45◦,α = 90◦; 
Mameri et al., 2021) or extension. Reactivation of a fossil extensional/ 
thrust mantle shear zone dipping by 45◦ and trending normal to the 
imposed extension results, however, in a much higher strain localization 
factor in the overlying crust (~100; see case #2 in Fig. 3a) than that in 
the crust above a reactivated fossil vertical strike-slip mantle shear zones 
trending at 45◦ to the imposed load (factor ~9; see case #1 in Fig. 3a). 

If the deformation is compressional, instead of extensional, the strain 
localization associated with fossil extensional/thrust mantle shear zones 
is significantly reduced. In compression, the maximum strain localiza-
tion factor associated with reactivated fossil extensional/thrust mantle 
shear zones is ~4, observed within fossil mantle shear zones dipping by 
45◦ and trending normal to the load direction. This is ~7 times smaller 
than the maximum strain localization factor within the same fossil 
structure subjected to extension (compare cases #2 and #3 in Fig. 3). 
The contrast in behavior between extension and compression is even 
more marked in the crust (Fig. 3a), where maximum strain localization 
factor is ~4 in compression and ~100 in extension. 

For vertical fossil strike-slip mantle shear zones trending at 45◦ to the 
imposed tectonic load, the models predict similar strain localization 
factors in extension and compression (supplementary Fig. S1). However, 
in the first case, the shear zone is reactivated in transtension and in the 
second, in transpression. For angles <45◦ between the fossil shear zone 
trend and the imposed load direction, the strain localization factor is 
slightly higher in compression than in extension; the opposite is 
observed for angles >45◦. As for fossil extensional/thrust mantle shear 
zones, the crustal response is more sensitive to the imposed deformation 

regime: strain localization in the crust atop a fossil vertical strike-slip 
mantle shear zone trending between 45◦ and 50◦ to the imposed load 
is a factor ~3 higher in extension than in compression. Shallow to 
moderate dipping fossil strike-slip mantle shear zones trending normal 
to the load (case #4 in Fig. 3b) are much less prone to be reactivated 
than the other mantle structures tested. Such fossil mantle shear zones 
have a higher strength than the surrounding isotropic mantle for dips 
≤30◦ or ≥ 55◦. The maximum strain localization factor in the mantle is 
~2, which occur in fossil strike-slip mantle shear zones with dip angles 
of ~40◦–45◦, and do not result in strain localization in the crust. Strain 
localization in such fossil structures is slightly higher under extension, 
but marginally (supplementary Fig. S2). 

Reactivation of fossil extensional/thrust mantle shear zones occurs 
for a larger range of loading-geometries than reactivation of fossil strike- 
slip mantle shear zones (compare lines passing through cases #1, 2 and 3 
in Fig. 3). Fossil extensional/thrust mantle shear zones trending normal 
to the load direction are reactivated for dip angles varying from 30◦ to 
60◦, whereas fossil vertical strike-slip mantle shear zones are only 

Table 3 
Isotropic material parameters used in the geodynamical simulations.   

Wet quartzitea Wet duniteb 

Density (kg m− 3) ρ 3000 3000 
Young modulus (GPa) 70 160 
Poisson ratio 0.25 0.28 
Fluidity (Pa− n s− 1) γ0 1.63 × 10− 26 3.98 × 10− 25 

Activation Energy (kJ mol− 1 K− 1) Q 135 498 
Stress exponent n 3.1 4.5 
Angle of friction* ϕ 30◦ ➔ 15◦ – 
Cohesion (MPa) c 10 – 

References: aPaterson and Luan (1990), bChopra and Paterson (1984) 
* Frictional weakening: ϕ is reduced to 15◦ when plastic strain in the mesh

element exceeds 1%.  

Fig. 3. Strain localization in the (a) crust and in the (b) mantle as a function of 
the trend (θ̊) or dip (α̊) of the fossil mantle shear zone, as indicated on the 
curves, relative to the direction of the imposed horizontal shortening (contin-
uous lines) or stretching (dashed lines). Values >1 indicate strain localization 
within the fossil mantle shear zone or within the crust atop it. Circles indicate 
strike-slip and squares extensional (or thrust) past kinematics. Results are dis-
played after ~2 m.y. of plate deformation. All simulations have a strong olivine 
CPO intensity (J = 12.7) in the fossil mantle shear zone and random CPO (J =
1) in the surrounding mantle.
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reactivated when trending from 40◦ to 50◦ to the load direction. Higher 
strength than the surrounding isotropic mantle is predicted for fossil 
extensional/thrust mantle shear zones dipping from 75◦ to 90◦, and for 
fossil vertical strike-slip mantle shear zones trending from 60◦ to 90◦. 
The analysis of Fig. 3 hints at possible, but small, CPO-induced reac-
tivation of shallowly dipping (<30◦) fossil extensional/thrust mantle 
shear zones. In the modelled range of dip angles (30◦ to 90◦), the pattern 
of strain localization as a function of the dip angle is asymmetric be-
tween complementary angles: strain localization in fossil extensional/ 
thrust shear zones dipping by 30◦ is easier than in those dipping by 60◦. 
This asymmetry in the reactivation potential relative to the dip angle is 
corroborated by the SO-VPSC simulations (Fig. 1b). However, the VPSC 
simulations suggest a narrower range of dip angles with potential for 
reactivation of fossil extensional/thrust shear zones than the geo-
dynamic models. The difference in predictions between the VPSC and 
geodynamic models results from the greater degree of freedom for 
deformation of the anisotropic domain in the geodynamical simulations, 
where the boundary conditions are imposed far from the anisotropic 
domain. In contrast, in the VPSC simulations, the boundary conditions 
are imposed directly on the anisotropic domain. 

For comparison, we also tested the reactivation potential of a fossil 
mantle structure characterized by isotropic viscous weakening (100-fold 
increase in fluidity) with varied dip angle and trending normal to a 
compressional load (results labelled ‘isotropic weakening’ in Fig. 3b). As 
expected, the reactivation potential of an isotropic fossil mantle struc-
ture depends less on the orientation of the shear zone than that of an 
anisotropic one. Isotropic fossil structures are always reactivated, 
independently of their dip. Under stretching, the strain localization 
factors associated with such isotropic structures are up to ~3 and ~25 
times lower than the maximum ones in the fossil anisotropic structures 
with strong olivine CPO and crust above it, respectively. But for dips 
lower than 40◦ or higher than 50◦, they are higher than those of 
anisotropic fossil mantle structures by <7 times. Under shortening, 
strain localization factors associated with anisotropic structures with 
fossil extensional/thrust kinematics (case #3 in Fig. 3) are always lower 
than those associated with an isotropic planar weakness, in both the 
mantle and crust. 

Analysis of the 2nd invariant of the strain-rate field for fossil mantle 
shear zones with different past kinematic, in the orientations most prone 

to be reactivated, highlights further differences on the strain distribution 
in the lithosphere. Crustal strain localization develops right above the 
upward continuation of the vertical fossil strike-slip mantle shear zone 
(case #1), whereas atop fossil extensional/thrust mantle shear zone, it 
follows the inclined projection of the mantle structure to the crust (case 
#2). Reactivation associated with fossil vertical strike-slip mantle shear 
zones trending by 45◦ to the load direction results in much stronger 
strain localization in the mantle than in the upper domain of the crust 
(case #1 in Fig. 4). In contrast, reactivation of fossil extensional/thrust 
mantle shear zone dipping by 45◦ and trending normal to the load di-
rection results in more homogenous vertical distribution of strain 
localization. However, the distribution differs between extension and 
compression. In extension, strain localization is stronger in the crust 
than in the mantle (case #2 in Fig. 4), whereas in compression, strain 
localization is stronger in the mantle (case #3 in Fig. 4). In the lower 
domain of the crust, high strain rates usually affect a wider domain than 
the fossil mantle shear zone. As anticipated, deformation is fairly 
homogenously distributed across the plate If viscous anisotropy does not 
result in significant strain localization in the mantle, as in strike-slip 
mantle shear zones normal to the load direction and dipping by 45◦

(case #4 in Fig. 4). 
The contrast in viscous strength between the reactivated mantle 

shear zone or the newly developed crustal shear zone atop it relative to 
their isotropic surroundings was also quantified (Fig. 5). We analyzed 
variations in effective viscosity along horizontal profiles at the center of 
the simulation box (parallel to y-direction; at x = 250 km), in the up-
permost mantle at 52 km depth and in the middle domain of the crust at 
18 km depth. CPO-induced strain localization in fossil extensional/ 
thrust mantle shear zones dipping by 45◦ reactivated in extension 
normal to their trend produces a contrast in effective viscosity of a 
factor ~100 in the mantle (case #2 in Fig. 5). In this case, the down-dip 
displacement along the structure juxtaposes laterally domains with 
different strengths, resulting in an asymmetric effective viscosity profile 
in the crust: the lateral viscosity contrast is a factor ~300 across the 
footwall and a factor ~100 across the hanging wall of the crustal shear 
zone. If the surrounding mantle has a strong olivine CPO oriented with 
the maximum concentration of [100]- or [010]-axes respectively par-
allel and vertically normal to the imposed tectonic load, effective vis-
cosity constrast is significanlty stronger (supplementary Fig. S3). 

Fig. 4. Strain rate field (2nd invariant of the strain rate tensor) after ~2 m.y. of deformation of a plate containing a fossil strike-slip mantle shear zone (cases #1 and 
#4) or a fossil extensional/thrust mantle shear zone (cases #2 and #3) in the loading-geometry that produces the most effective reactivation (cf. Fig. 3). The 
orientation of the olivine CPO and the trend (θ̊) and dip (α̊) of the fossil mantle shear plane (in green) with respect to the direction of the imposed load are shown 
for each case. All simulations have strong olivine CPO intensity (J = 12.7) in the fossil mantle shear plane and random CPO (J = 1) in the surrounding mantle. 
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Reactivation of a fossil extensional/thrust mantle shear zone in 
compression produces a much lower lateral contrasts in effective vis-
cosity: a factor ~3 in the mantle and a factor ~2 in the crust, with no 
asymmetry in the viscosity profile (case #3 in Fig. 5). Reactivation of a 
fossil vertical strike-slip mantle shear zone trending by 45◦ to the 
imposed shortening (case #1 in Fig. 5) results in an intermediate 
behavior in terms of its magnitude, with lateral contrasts in effective 
viscosity by a factor ~20 in the mantle and ~10 in the crust. 

Fig. 6 shows the evolution over time of the average vertical strain in 
the crust and mantle associated with the reactivation of 45◦ dipping 
fossil extensional/thrust mantle shear zones trending normal to the 
imposed extension or compression (down-dip ‘dd’ cases #2 and #3, 
respectively), with either weak, intermediate, or strong olivine CPO 
intensity. These results are compared to that of: i) a fossil strike-slip 
mantle shear zone trending normal to the load direction and dipping 
by 45◦ with a strong olivine CPO (strike-slip ‘ss’ case #4); ii) a litho-
sphere with homogenous and isotropic mantle and crust, that is, absence 
of a fossil shear zone and olivine CPO (‘Isotropic No SZ’); iii) a fossil 

isotropic mantle shear zone trending normal to the load and dipping by 
45◦ characterized by a lower effective viscosity than the surrounding 
mantle due to a 100-fold increase in the pre-exponential parameter of 
the mantle flow law (‘100xIso weak’); and finally, iv) a fossil exten-
sional/thrust mantle shear zone with strong olivine CPO surrounded by 
a mantle with equally strong CPO with [100]- and [010]-maximum 
orientations, respectively, parallel and normal to the imposed load 
(‘Max. anisotropy dd’). Except for the latter case (i.e., black lines in 
Fig. 6), in which deformation developed for ~1 m.y., in all cases 
deformation developed for ~2.5 m.y. The models indicate that reac-
tivation in extension results in faster thinning in the crust than in the 
mantle, whereas reactivation in compression results in faster thickening 
in the mantle (Fig. 6). Thinning rates are higher for the anisotropic cases 
and depend on the magnitude of the lateral strength contrasts, as indi-
cated by the different slopes of the dashed lines. This dependence is non- 
linear with respect to CPO intensity. Fossil extensional/thrust mantle 
shear zones with strong (J = 12.7) or intermediate (J = 6.3) CPO in-
tensities show comparable average vertical strains in both the crust and 

Fig. 5. Effective viscosity fields in the crust (yellow) and mantle (green) after ~2 m.y. of deformation. Top panel: Cross-sections parallel to the imposed shortening or 
stretching at the centre of the simulation box. Bottom panel: Horizontal profiles at 18 km and 52 km depth along the cross-sections shown in the top panel. Sim-
ulations are labelled as in Figs. 3 and 4. The markers in the profiles indicate the past kinematics of the fossil mantle shear zone (circle: strike-slip; square: extensional/ 
thrust) and the type of lines the imposed deformation (continuous: shortening; dashed: stretching). The orientation of the olivine CPO with respect the trend (θ̊) and 
dip (α̊) of the fossil mantle shear plane, and this latter with respect to the direction of the imposed load, are shown in the top panel. All simulations have strong 
olivine CPO intensity (J = 12.7) in the fossil mantle shear plane and random CPO (J = 1) in the surrounding mantle. 
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the mantle. These vertical strains are a factor ~2.5 higher than those 
predicted for a similar mantle shear zone with weak CPO intensity (J =
2.8), and a factor ~5 to ~3.5 higher than those predicted for a ho-
mogenous isotropic lithosphere, and the dipping fossil strike-slip shear 
zones with strong CPO. Thickening rates are less dependent on past 
mantle kinematics and on the CPO intensity, as indicated by the similar 
slopes of the solid lines in Fig. 6. More details on the crustal deformation 
during reactivation of a fossil extensional/thrust mantle shear zone in 
extension (case #2) and compression (case #3) are presented in the 
supplementary Fig. S4. 

4. Discussion

4.1. CPO-induced reactivation of fossil mantle shear zones and associated 
strain localization in the crust 

The contrast in viscous anisotropy induced by a large-scale spatial 
variation in olivine CPO in the mantle affects the strain distribution in 
both the mantle and the crust. Viscous anisotropy may render a fossil 
mantle shear zone either weaker or stronger than its surroundings 
depending on the orientation of the new tectonic load relative to the 
olivine CPO (Figs. 1, 3, 4, 5). The strength contrast, and hence the 
magnitude of the strain localization, depends on both the orientation 
and intensity of the olivine CPO. Under conditions favoring mantle 
deformation by dislocation creep at high temperature and moderate 
pressure, as considered in the present models, the strength of a mantle 
volume decreases when the new tectonic load is oriented to favor glide 
in the easy [100]-direction in most olivine crystals composing the rock 
volume. 

Within fossil extensional/thrust mantle shear zones, these conditions 
are optimally met for shear zones trending normal to the new tectonic 
load and dipping by 45◦ (Figs. 3, 4). This configuration leads to reac-
tivation with maximum strain localization factors: strain rates in the 
mantle shear zone up to ~28 times higher than those in the isotropic 
surrounding mantle. In this case, strain localization in the mantle might 

triggers strain localization factor in the crust up to ~100. The magnitude 
of strain localization in the entire lithosphere depends on the strength 
contrast within the mantle. If the surrounding mantle has also a strong 
olivine CPO, but misoriented with respect to the active tectonic load, the 
lateral contrast in effective viscosity relative to the fossil mantle shear 
zone might be as high as three orders of magnitude (Supplementary 
Fig. S3). For similar orientations of the olivine CPO, the lateral strength 
contrast in the mantle depends on the CPO intensity. However, this 
dependence is non-linear, buffering for strong CPO, consistent with data 
for olivine aggregates deformed at high temperature at laboratory 
conditions (Hansen et al., 2012) and polycrystal plasticity simulations 
(Mameri et al., 2019). Hence, in general, the effect of varying CPO 
orientation on strain localization is more important than varying CPO 
intensity. 

The range of loading-geometries producing reactivation of fossil 
extensional/thrust mantle shear zones, in both extension and compres-
sion, is greater than that leading to reactivation of fossil strike-slip 
mantle shear zones (Fig. 3). Furthermore, reactivating fossil exten-
sional/thrust mantle shear zones in extension consistently leads to 
stronger strain localization than reactivating fossil strike-slip mantle 
shear zones or extensional/thrust shear zones in compression. CPO- 
induced viscous anisotropy associated with fossil extensional/thrust 
mantle shear zones has therefore a higher potential for producing 
reactivation compared to the fossil strike-slip ones, in particular when 
the lithosphere is subjected to extension. Indeed, in contrast to fossil 
vertical strike-slip mantle shear zones, fossil extensional/thrust mantle 
shear zones display markedly different behaviors when reactivated in 
compression or extension (Figs. 3, 4, 5). In extension, the maximum 
strain localization in the reactivated fossil extensional/thrust and strike- 
slip mantle shear zone is comparable, but the crust above the former 
exhibits significantly higher strain localization. In compression, 
maximum strain localization in both the mantle and crust is lower for 
reactivated extensional/thrust mantle shear zones compared to reac-
tivated strike-slip mantle shear zones. 

SO-VPSC simulations predict similar mechanical behaviors in 

Fig. 6. Evolution over time of the average 
vertical strain, εv% = (ΔH/H0) x 100, in the 
mantle and crust estimated by dividing the 
change in thickness (ΔH = H2 − H1) of the 
mantle and crust by their respective initial 
thickness (H0), as in the cartoon atop the 
figure key. Simulations were run for short-
ening (continuous lines) or stretching 
(dashed lines) of a plate containing a mantle 
shear zone with extensional/thrust (down- 
dip: ‘dd’) past kinematic with different CPO 
intensities (strong J = 12.7 cases #2/3, in-
termediate J = 6.3, and weak J = 2.8), and 
with strike-slip (‘ss’) past kinematic with 
strong CPO intensity (case #4). Isotropic No 
SZ, 100xIso. Weak, and Max. Anisotropy 
(dd) are reference models, for details see
text. All fossil mantle shear zones trend
normal to the imposed load direction and dip
by 45◦. The orientation of the fossil mantle
shear zones and associated olivine CPO is
shown in the top left cartoons. The circles in
the curves’ end point indicate the average
vertical strain achieved after ~2 m.y. of
simulation, except for the black curve, which
deformed for ~1 m.y.
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extension and compression for all loading-geometries (Fig. 1). This is 
consistent with the fact that, from the crystal deformation point of view, 
differences in mechanical behavior between compression and extension 
is only produced by twinning, which is not a possible deformation 
mechanism in olivine. In the geodynamical simulations, the mechanical 
behavior of reactivated fossil extensional/thrust mantle shear zones 
differ in extension and compression because of the distinct impact of 
gravity forces on the two deformation regimes. In extension, gravity 
forces add up to the tectonic forces (gravity acts parallel to the main 
stress σ1), whereas in compression, gravity forces counteract the tectonic 
forces (gravity acts parallel to the minimum stress σ3). Gravity also fa-
vors extensional deformation in the brittle crust. Lithospheric thinning 
results in lower average pressure at a given depth, which further reduces 
the brittle strength in the thinning domain right above the reactivated 
fossil extensional/thrust mantle shear zones. This favors strain 

localization in both the fossil mantle structure and in the newly formed 
crustal shear zones and faults. Conversely, lithospheric thickening re-
sults in higher average pressure, inhibiting strain localization in the 
brittle crust. In the simulations with a fossil vertical strike-slip mantle 
shear zone, the variations in lithospheric thickness across the simulation 
box are minor and gravity acts parallel to the intermediate stress σ2, 
leading to similar behaviors in extension and compression. 

4.2. Implications for large-scale structural reactivation 

4.2.1. The Pyrenees 
The Pyrenees orogen developed by inversion of an ancient rift 

formed in transtension along preexisting Variscan structures (Chouk-
roune, 1992; Vissers and Meijer, 2012). Deep seismic refraction and 
receiver function profiles (ECORS-Pyrenees and ECORS-Arzacq) 

Fig. 7. Teleseismic shear-waves spliiting (left panel) depicted by red arrows oriented parallel to the fast polarization direction scaled by the magnitude of the delay 
time (from doi:10.18715/sks_splitting_database), deep seismic reflectors (right panel) mapped by the ECORS (Choukroune, 1989) and Møre crustal-scale transects 
(Peron-Pinvidic and Osmundsen, 2018) in the A) Pyrenees orogeny and B) Norwegian rifted margin, respectively. The dashed line on the profiles indicates the Moho. 
Grey arrows highlight kilometric-scale coherent dipping reflectors at mantle depths, which may represent large mantle shear zones; some continuous seismic re-
flectors in the crust and mantle were highlighted in orange and green, respectively. The trend of some major long-lived shear zones cited in the text is shown as 
dashed orange lines in the cartoons presented as inserts in the left panel. NPF: North Pyrenean Fault; MTFZ: Møre-Trøndelag Fault Zone; HSZ: Hardangerfjord 
Shear Zone. 
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indicate the presence of kilometric-scale planar structures with shallow 
to moderate dip angles extending to a depth of at least ~50 km in the 
lithospheric mantle (profile A-A’ in Fig. 7a; Choukroune, 1989; Muñoz, 
1992). Despite the past stretching and shortening history, polarization of 
fast teleseismic S-waves normal to the trend of the belt is not observed 
(Fig. 7a upper left). Fast teleseismic S-waves beneath the entire orogen 
show coherent polarization directions oriented sub-parallel to the trend 
of the belt (Bonnin et al., 2017). Fast propagation directions of Pn- 
waves, which sample the shallow lithospheric mantle, are also belt- 
parallel (Judenherc et al., 1999). These data suggest that olivine CPO 
in the lithospheric mantle beneath the Pyrenees records mainly belt- 
parallel displacements. They were interpreted as predominantly result-
ing from Variscan strike-slip deformation, with contribution from strike- 
slip deformation during the transtensional separation of Iberia from 
Eurasia and belt-parallel transport during Pyrenean collision (Vauchez 
and Nicolas, 1991; Vauchez et al., 1997; Barruol et al., 1998). Such a 
persistence of subparallel strike-slip motions over ~270 m.y. was pre-
viously proposed by Vauchez et al. (1997) as an indicator of CPO- 
induced structural reactivation. 

Our previous analysis (Mameri et al., 2021), along with the present 
study, corroborates previous studies (Knoll et al., 2009; Tommasi et al., 
2009) indicating that fossil vertical strike-slip mantle shear zones have a 
high potential for CPO-induced reactivation in response to an oblique 
tectonic load (case #1 in Fig. 3). The olivine-induced viscous anisotropy 
associated with the Variscan lithospheric-scale strike-slip shear zones 
was therefore likely a contributing factor to their reactivation during the 
early stages of the oblique rifting between Eurasia and Iberia, leading to 
transtension. This is consistent with the major component of strike-slip 
displacement in the initial stages of rifting in the Bay of Biscay in the 
western Pyrenees, inferred based on paleogeographic, magnetic and 
seismic data (Rosenbaum et al., 2002; Sibuet et al., 2004; Jammes et al., 
2010). Paleomagnetic data also suggest that the early-stage of the 
convergence between Iberia and Eurasia in the future site of the Pyr-
enees was oblique to the major past strike-slip structures (Rosenbaum 
et al., 2002; Sibuet et al., 2004). Our models imply that even if the 
anisotropic fossil (Variscan) strike-slip shear zones were tilted or slightly 
rotated during the Pyrenean transtensional or the transpressional epi-
sodes, they could still be reactivated under an oblique load, which would 
result in significant along-strike displacement (Tommasi et al., 2009; 
Mameri et al., 2021). This interpretation is consistent with the Pyrenean 
belt-parallel displacement exceeding the belt-orthogonal displacement 
by factors 2–3 (Choukroune, 1992). 

Along the Pyrenees, the fast teleseismic S-waves polarization rotates 
from azimuths ~80◦-100◦ in the eastern and central domains of the belt 
to ~100◦-120◦ in the western domain (Bonnin et al., 2017). Our geo-
dynamic models predict that a variation of ~15◦ in the dip or trend of 
the fossil strike-slip shear zones may lead to a decrease in strain locali-
zation factor from ~30 to <2 and a >100-fold increase in effective 
viscosity. A more oblique CPO in the eastern domain could therefore 
have contributed to the observed variation in strain distribution along 
the belt (Chevrot et al., 2018), even in the case the major shear zone tilts 
moderately as suggested by the deep seismic profile (in Fig. 7a). How-
ever, in order to fully test this hypothesis, it is essential to include the 
evolution of anisotropic viscosity (Lev and Hager, 2008; Knoll et al., 
2009; Király et al., 2020), which was not considered in our study. 

4.2.2. The Norwegian margin 
The Norwegian platform is a hyperextended margin developed onto 

former Caledonian orogenic structures (Fossen, 2010; Peron-Pinvidic 
and Osmundsen, 2018). Deep seismic profiles suggest the existence of 
shallowly dipping kilometric-scale planar structures in the lithospheric 
mantle (profile B-B′ in Fig. 7b; Peron-Pinvidic and Osmundsen, 2020). 
Fast polarization directions of teleseismic S-waves are bimodal, trending 
either NNW-SSE or ENE-WSW, respectively sub-parallel or oblique to 
the margin; both directions with high (>1 s) delay times (Fig. 7b bottom 
left; Grund and Ritter, 2020). The fast polarization of teleseismic S- 

waves parallel to the margin has been interpreted to be primarily 
associated with olivine CPO in Caledonian strike-slip mantle shear 
zones, while the fast polarization of teleseismic S-waves sub- 
perpendicular to oblique to the margin, and the dipping seismic re-
flectors, are interpreted as being associated with either the compres-
sional Caledonian deformation or the subsequent extensional 
deformation during the Nord Atlantic rifting (Fossen et al., 2014; Grund 
and Ritter, 2020). The trend of these structures aligns with the fast po-
larization of teleseismic S-waves oriented along the Norwegian margin. 
This sub-parallelism between Paleozoic, Mesozoic, and Cenozoic litho-
spheric shear zones in the North Sea region suggests multiple reac-
tivation episodes over ~300 m.y. 

Extensional reactivation of major thrust shear zones was proposed to 
have impacted the post-orogenic collapse of the Caledonian belt (Fossen, 
2000, 2010), which produced major extensional shear zones subparallel 
to the Caledonian belt, such as the Hardangerfjord shear zone (see HSZ 
in Fig. 7b bottom left). This shear zone, whose dip and trend directions 
roughly follow the NNW-SSE and ENE-WSW fast polarization directions 
of teleseismic S-waves, respectively, is associated nowadays with a 
major shallowly dipping structure that offsets vertically the Moho by 
~10 km (Fossen et al., 2014). Reactivation of lithospheric detachment 
zones formed during the extensional collapse of the Caledonian belt, 
including the HSZ, was then suggested to have played an important role 
in shaping the west Norwegian margin (Phillips et al., 2019; Peron- 
Pinvidic and Osmundsen, 2020). The reactivation of the HSZ is proposed 
to have delineated basins and grabens in the southern Norwegian 
margin during the Nord Atlantic rifting (Doré et al., 1997; Phillips et al., 
2019). These interpretations are corroborated by the present numerical 
models, which show that oblique extension applied to an anisotropic 
fossil thrust or extensional mantle shear zone is likely to produce strain 
localization in the lithosphere, notably in the crust. 

Reactivation of Caledonian fossil strike-slip structures such as the 
Møre-Trøndelag Fault Zone (see MTFZ in Fig. 7b bottom left), a major 
steeply dipping structure trending sub-parallel to the ENE-WSW polar-
ization direction of teleseismic S-waves, under a E-W extension direction 
has been interpreted to have accommodated differential stretching be-
tween basins opening during the early stages of the North Atlantic rift 
(Seranne, 1992; Doré et al., 1997; Braathen et al., 2002). The present 
models are in agreement with this view; a steeply dipping ENE-WSW 
trending strike-slip shear zones, such as the MTFZ, is highly prone to 
be reactivated under an oblique E-W extension. 

Caledonian heterogeneities also impacted the subsequent develop-
ment of rifts in the region (Fossen, 2000; Fossen et al., 2014; Peron- 
Pinvidic and Osmundsen, 2020), with olivine viscous anisotropy likely 
influencing this process. A shallowly dipping extensional shear zone, 
such as the HSZ, and a subvertical strike-slip shear zone with a similar 
trend, such as the MTFZ, have different potentials for CPO-induced 
reactivation during the oblique E-W Jurassic extension. The HSZ show 
low to moderate potential, and the MTFZ moderate to high. The rela-
tively limited reactivation of the HSZ (Phillips et al., 2019) and the 
onshore oblique-slip displacement on the MTFZ (Doré et al., 1997) 
during this period are consistent with the reactivation potential pre-
dicted by the models. The regional extensional stress-field is inferred to 
have rotated to NW-SE in the subsequent phases of the Atlantic rifting 
(Doré et al., 1997, 1999), at higher angle to the trend of both structures. 
For such a loading-geometry, our models predict a factor ~2 higher 
strain rates in the isotropic mantle surrounding the vertical fossil strike- 
slip mantle shear zone. The poor orientation of the major strike-slip 
shear zones at that time might have led to strain delocalization, 
thereby facilitating the lateral migration of the North Atlantic rift 
(Lundin and Doré, 1997; Bell et al., 2014). In contrast, fossil extensional 
mantle shear zones would remain well-oriented for reactivation. The 
limited activity of the HSZ in the southern Norway region during the 
Early Cretaceous, despite its rather favorable orientation, would further 
point to lateral strain migration (Bell et al., 2014), for example towards 
extensional mantle shear zones with more moderate dip angles (e.g., 40◦
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to 50◦), or to predominance of thermal-controlled reactivation in a more 
mature rift (Phillips et al., 2019). 

5. Conclusion

Strain localization in the lithosphere resulting from lateral variations
in olivine CPO within the mantle, associated with a fossil shear zone, 
was predicted using both polycrystal plasticity and geodynamical sim-
ulations. First, using the SO-VPSC model, the reactivation potential of 
shear zones characterized by typical olivine CPO formed under past 
shear-dominated extension/thrust or strike-slip kinematics was calcu-
lated as a function of the orientation of the CPO relative to the imposed 
load. Then, the reactivation potential of fossil mantle shear zones was 
further investigated using 3-D finite element geodynamical models with 
an CPO-induced anisotropic viscosity parameterized based on the 
polycrystal plasticity models. The mechanical response of a lithospheric 
plate containing a fossil anisotropic extensional/thrust or strike-slip 
mantle shear zone with a varied dip angle (between 30◦ and 90◦) and 
trending normal to an extensional or compressive load was calculated 
and compared to the response of a fossil vertical strike-slip mantle shear 
zone trending at different angles to the tectonic load. Strain distribution, 
the magnitude of strain localization, lateral contrasts in effective vis-
cosity, and also crust and lithospheric mantle thinning and thickening 
were quantified. 

We observed that, for the relative strength of olivine slip systems 
representative of most of the continental lithospheric mantle, fossil 
mantle shear zones are likely to be reactivated if the tectonic load is 
oblique to the maximum concentration of [100] of the olivine CPO. The 
highest potential for reactivation of fossil strike-slip mantle shear zones 
occurs when the shear plane is vertical trending at 45◦ to the load di-
rection. The highest potential for reactivation of fossil extensional or 
thrust mantle shear zones occurs when the fossil shear zone trends 
normal to the load direction and dips between 40◦ and 50◦. Under 
extension, the maximum magnitude of strain localization in fossil strike- 
slip and extensional (or thrust) mantle shear zones is fairly similar, but 
strain localization in the crust atop the latter is much higher. Under 
compression, strain localization associated with reactivation of moder-
ately dipping fossil extensional (or thrust) mantle shear zones is signif-
icantly lower than under extension, notably in the crust. This difference 
results from the action of gravity forces, which either add up (in 
extension) or counteract (in compression) the tectonic forces. 

When olivine CPO in the fossil extensional (or thrust) mantle shear 
zone and surrounding mantle is strong and oriented to maximize their 
contrast in viscous anisotropy, the effective viscosity in the fossil shear 
zone can drop up to three orders of magnitude relative to the sur-
roundings, and produce strain localization by up to two orders of 
magnitude in the lithosphere. If the surrounding mantle is isotropic, the 
maximum contrast in effective viscosity in the mantle decreases to two 
orders of magnitude, which can still induce significant strain localiza-
tion: a factor ~30 in the mantle and ~100 in the crust. In general, strain 
localization associated with reactivation of fossil extensional/thrust 
mantle shear zones in a subsequent extensional event is higher than 
strain localization associated with reactivated fossil strike-slip mantle 
shear zones. In addition, the range of loading-geometries producing 
reactivation of fossil extensional/thrust mantle shear zones is larger 
than that of fossil strike-slip mantle shear zones. 

The significant strength contrasts induced by spatial variation in 
olivine viscous anisotropy, together with the very long lifetimes of 
olivine CPO in the lithospheric mantle, may lead to the reactivation of 
fossil extension, thrust and strike-slip mantle shear zones in tectonic 
episodes spaced by hundreds of m.y. By examining the Norwegian 
margin and the Pyrenees large-scale structural inheritance, taking 
advantage of the abundant seismic anisotropy and profiling coverage, as 
well as their relatively well-known tectonic histories, we suggest that 
olivine viscous anisotropy triggered strain localization in major fossil 
extension, thrust and strike-slip mantle shear zones, notably in the early 

stages of the tectonic episodes. This contributed to shape their current 
lithospheric architecture. Long-lived lithospheric-scale shear zones exist 
in virtually every modern and ancient continental collision and rifting 
settings, calling for more studies on the effects of the associated viscous 
anisotropy in the mantle during large-scale tectonic inversions. 
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Knoll, M., Tommasi, A., Logé, R.E., Signorelli, J.W., 2009. A multiscale approach to 
model the anisotropic deformation of lithospheric plates. Geochem. Geophys. 
Geosyst. 10 (8) https://doi.org/10.1029/2009GC002423. 

Lev, E., Hager, B.H., 2008. Prediction of anisotropy from flow models: a comparison of 
three methods. Geochem. Geophys. Geosyst. 9 (7) https://doi.org/10.1029/ 
2008GC002032. 
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