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Abstract

Tectonic evolution at rift zones is commonly considered symmetric along mid-ocean ridges,
when modeling with relative plate motions and steady-stateprocesses. However, tectonic fea-
tures are generally asymmetric, as provided by geological ageophysical data. A better way to
understand dynamics of the lithosphere at rift zones, and lithosphere/mantle interactions cor-
responds to absolute plate kinematic analyses, i.e., with respect to the mantle, modeling time-
dependent tectonic processes. We performed numerical simulations of plate-driven mantle flow
beneath mid-ocean ridges and we considered a time-dipendent flow induced by the motion of
overlying rigid plates in an incompressible viscous mantle, using plate velocities obtained in the
hotspot reference frame, as boundary conditions. This implies that plates along a ridge, and the
ridge itself, move toward the same direction, but with different velocities, relative to the mantle,
and the separation between plates triggers mantle upwelling. Numerical solutions for viscosity
flow beneath plates that thicken with increasing age are presented. The mantle can be modeled
as a viscous fluid, and its dynamics can be described using theStokes equations and thermal
effects, and a finite element approach has been adopted to obtain numerical solutions. Results
show an asymmetric thickening of oceanic plates along the ridge, as suggested by the observa-
tions, and provide useful relationships between mantle temperature and thickness of the oceanic
lithosphere.
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1. Introduction

Oceanic rift processes are basically due to divergent platetectonics and plate kinematics.
Lithospheric plates, moving apart relative to each others,provide the asthenoshperic mantle up-
welling and melting beneath mid-ocean ridges (MORs), supplying new material for the gener-
ation of the oceanic crust [1, and references therein]. Spreading centers at the side of MORs
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represent the areas where to find geophysical and geochemical properties to constrain oceanic
lithosphere dynamics, and to investigate lithosphere/mantle interactions.

Since the discovery of magnetic anomalies at sea-bottom of the oceanic basins [2, 3], seafloor
spreading has been considered globally symmetric, also if some local asymmetries of the distri-
bution of data were straight after noted in the South Atlantic, Australia and Iceland [4, 5, 6].

During the last two decades, the amount of available data hasincreased, and data have be-
come better, due to the advances in sea floor imaging, and marine magnetic measurements. In
addition, because of both the higher quality of data and the improvements in the models, the
asymmetric behavior of tectonic features at MORs are still described, such as the differences in
spreading, geometry and subsidence between the two sides ofa ridge [7, 8, 9, 10]. Moreover, the
bathymetry of MORs, observed at a global scale is generally asymmetric [11, 12], and Doglioni
et al. [11] demonstrated that the eastern flank of a ridge, in average, is slightly shallower (100-300
m) than the western one. Based on surface wave tomographic models, shear wave velocities in
the upper mantle indicate heterogeneities in the asthenosphere [13, 14], and a difference between
the western and eastern flanks of an oceanic basin can be also globally observed across the Earth
at MORs [15].

The rift zones and plate boundaries are not fixed, but move with respect to the mantle, and,
due to the migration of MORs, some geological and geophysical models can conceptually ex-
plain the asymmetries observed [11, 12, 16], also includingthe global asymmetric behavior of
the subduction zones, as a functions of their geographic polarity [17, 18]. The collection of
geological, geophysical and geochemical properties at MORs, can be used as constraints for
lithosphere/mantle interaction modeling, being useful asboundary conditions, when mantle dy-
namics is investigated with numerical simulations.

Subridge mantle dynamics is generally modeled as a passive process. Passive mantle up-
welling beneath mid-ocean ridges is driven by plate kinematics, and the viscous mantle flow
rises beneath the fixed ridge axis, turns a corner and moves away from the upwelling area
[19, 20, 21, 22, 23, 24, 25]. In addition, mantle melting, or the presence of the heterogeneities
in the mantle composition, can produce buoyancy forces and,in this case, mantle upwelling has
to be modeled as an active process. Generally, buoyancy forces are neglected when modeling
mantle velocity field, because no remarkable evidence of active flows are observed at spreading
centers, and therefore passive models are often used [26].

To have a large comprehension of mantle dynamics, migrationof the MORs relative to man-
tle has to be taken into account. This condition provides more realistic predictions of tectonic
processes with results that have a global behavior to understand the evolution of the Earth’s sur-
face. In many papers, effects of ridge migration on passive mantle flows have been considered,
quantifying, with mathematical models, numerical applications and steady-stade processes, the
conceptual and geological models previously proposed [27,28, 29, 30].

In this paper, we present results of 2D numerical simulations for plate tectonics at MORs,
by making use of the MOR–migration condition, passive mantle upwelling models and both
steady–state and time-dependent processes. Time-dependent processes need to be introduced to
concretely evaluate tectonic evolution at MORs, when the MOR–migration condition is used.
To obtain more realistic results, thermal effects were added in the description of the mantle
dynamics, and a case for the northern Atlantic Ocean, at mid-Atlantic ridge (MAR), in presented
for model comparisons.
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2. Geodynamic modeling

The oceanic lithosphere is created at MORs, while two platesare moving away from each
other on either side of the fixed ridge (Figure 1a). When the plates diverge, the hot rocks of the
underlying mantle, i.e., the asthenosphere, flow upward beneath the MOR, and accrete to the
base of the spreading plates, becoming part of them, due to cooling effects by conductive heat
loss at the surface. As the plates steadily move away to the oceanic ridge, they continue to be
affected by thermal cooling, and the lithosphere thickens.

This type of interaction between the lithosphere and the asthenosphere can be modeled, from
a geodynamical point of view, assuming an infinitely thin lithosphere/asthenosphere boundary
with a perfectly rigid behaviour of the lithosphere above and uniformly ductile asthenosphere
below [e.g., 22, 25]. On the contrary, Shen and Forsyth [23] solved passive mantle flow, adopting
a more realistic boundary layer across which the mantle becomes more and more viscous as the
plate cools and becomes rigid. The base of lithosphere is assumed to be approximated by the
depth of theTM = 1350◦C isotherm, corresponding to a viscosityη = 1019 Pa s.

A basic step in the geodynamic modeling of MOR evolution corresponds to the choice of
plate velocities as boundary conditions. Generally, relative plate motions are often used, where
plates move with respect to a fixed ridge axis, with a half spreading velocityVhsr (Figure 1a).
Relative plate motions can be measured and are derived by theobservations at plate boundaries
both with geological data [e.g., 31, 32, 33], or geodetic ones [e.g., 34, 35, 36]. When using these
model parameters, mantle flow field is expected to rise under the fixed ridge with a symmetric
pattern, and also the accretion of the oceanic lithosphere is predicted to be symmetric (Figure
1a).

On the contrary, when MOR migration is taken into account in the geodynamic models, plate
motions referred to the mantle have to be introduced. Mantle-reference (or absolute) motions
describe how the entire lithosphere moves relative to the mantle, and they represent a more
approrpiate framework for comparisons with results of plate dynamic models. There is not a
direct way to measure absolute motions, and they need to be indirectly inferred, using results of
relative plate kinematic models.

The hotspot framework is a good reference system, where to evaluate absolute plate motions.
It is based on the assumption that the hotspots are fixed relative to the deep mantle and to each
other [37, 38], and the orientation and the age progressionsalong their surface traces reflect the
motion of the overlying lithospheric plate relative to the hotspots (e.g., the Hawaiian sea-mount
track). Under these assumptions, current global scale plate motions can be computed [39, 40],
also if other models of absolute plate motions are defined with different constraints, investigating,
for instance, the depth of the source of the hotspots [41], orthe hotspot fixity [42, 43]. Then,
when using these model parameters, plates and the ridge itself move with different velocities,
and the correlated passive mantle flow field is expected to rise under the moving ridge with an
asymmetric pattern (Figure 1b). In this case, the accretionof the oceanic lithosphere is predicted
to be asymmetric (Figure 1b), being one of flanks of the ridge thicker than the other one.

Here, we consider both the models of passive mantle upwelling beneath a MOR, using rela-
tive and aboslute plate motions, as boundary conditions, for stationary and transient plate tectonic
processes respectively, to investigate evolution of the spreading centers, and lithosphere/mantle
interaction in the ocean basins. The variable viscosity condition proposed by Shen and Forsyth
[23] is used in these models, and the computations are applied in the Atlantic Ocean, across the
Mid-Atlantic ridge (MAR) representing the boundary between the North America and Eurasia
plates, at a reference latitude of 43◦N (Figure 2), quantifying the conceptual model proposed by
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Figure 1: Geodynamic evolution of an oceanic rift at the mid-ocean ridges (MORs). (a) Plates
A and B move with respect to the fixed ridge axis of a MOR, with half spreading rateVhsr,
providing passive mantle upwelling. The obtained plate-driven mantle flow beneath the MOR
is expected to be symmetric, as well as the thickness of the oceanic lithosphere (LITH). (b)
Lithospheric plates A and B, and the MOR itself move relativeto the asthenoshpere with veloc-
ities VA, VB, andVMOR respectively, and at different time instants, the separation between plates
triggers mantle upwelling, resulting in an asymmetric pattern. In order to make evidence of litho-
sphere/athenosphere shear, the horizontal components of the velocity field are reported, such that
a null horizontal velocity component is obtained on the baseof the lithosphere. Thickness of the
oceanic lithopshere (LITH) is expected to be asymmetric.

Carminati et al. [16]. In these computations, we use plate-driven mantle upwelling assumptions
and thermal effects, not including mantle melting and lateral variations of mantle density, so that
we choose to model tectonic evolution at MORs as a passive process.

Physical quantities and parameters adopted in the simulations are reported in Table 1, and
we use, at a reference latitude of 43◦N, the half spreading rateVhsr = 10 mm/a, obtained by
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Figure 2: Age of the oceanic crust in the Atlantic Ocean, along the Mid-Atlantic Ridge (MAR).
At a reference latitude of 43◦N (open box), when considering relative plate motions (upper-right
panel) Eurasia (EU) and North America plates (NA), move withrespect to the fixed MAR, with
half spreading rateVhsr = 10 mm/a (red arrows). On the contrary, at the same latitude, when
considering the mantle reference frame, i.e., the hotspots, (lower-right panel) the Eurasia and
the North America plates, and the MAR itself move to the west with velocitiesVEU = 16 mm/a
VNA = 36 mm/a (red arrows), andVMAR = 26 mm/a (black arrow) respectively. SA – South
Amrerica plate, AF – Africa plate.

DeMets et al. [32] in the ridge axis reference frame, andVNA = 36 mm/a,VMAR = 26 mm/a,
andVEU = 16 mm/a for velocities of North America, Mid-Atlantic ridge(MAR), and Eurasia
respectively, obtained by Gripp and Gordon [39] in the hotspot framework.

Time-dependent tectonic processes are simulated from 10 Maup to the Present, during the
opening of the Atlantic Ocean, and this condition implies that we investigate the last instants of
the evolution of an oceanic rift. This choice is also made because absolute plate motions in the
hotspot reference frame obtained by Gripp and Gordon [39] can be considered stable for the last
10 Ma, including error estimates for the hotspots [44]. Moreover, Gordon and Jurdy [45] also
used present plate boundary positions and current motions in the hotspot framework to model
plate kinematics in the last 10 Ma. In contrast, to go back in the geological past, and to evaluate
lithosphere/mantle interactions for different times afterward 10 Ma, reconstruction models for
plate tectonics, and appropriate plate kinematic parameters are needed. [e.g., 46].

This temporal condition affects our geodynamic models, such that we first compute the sta-
tionary process, and then we use those simulation results asthe first step for the transient evolu-
tion. Model constraints concerning a time interval∆t = 10 Ma up to Present, and a half spread-
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ing rateVhsr = 10 mm/a, correspond to analyze the last term of the Atlantic Ocean opening, in a
200 km wide domain.

3. Mathematical modeling

At first approximation, we can treat the Earth as a fluid, and inparticular the lithosphere
and the mantle are considered as highly viscous fluids. This amount to use the Navier-Stokes
equations to compute the velocity and pressure fields, namely:

ρM
∂v
∂t
+ ρM(v · ∇)v − ρMg = −∇p+ ∇ ·

[

η(∇v + ∇vT)
]

(1)

∇ · v = 0, (2)

wherev is the velocity,p is the pressure,g is the gravity acceleration,ρM is the mantle density.
Moreover in (1),η is the variable viscosity of the fluid, which is a complex function de-

pending on temperature, pressure, strain, compostion etc.; in [47] the following law has been
proposed:

η =
1

2A

(
µ

τ

)(n−1)
(

h
b∗

)m

exp
E∗ + PV∗

RT
, (3)

whereA is a constant,µ is the shear modulus,b∗ is the Burgers vector,T is the temperature,
τ is the second invariant of the deviatoric stress tensor,E∗ is the activation energy,V∗ is the
activation volume,R is the gas constant,h is the grain size,n is a stress exponent, andma grain-
size exponent. This relation is quite difficult, but the mostimportant effect on the viscosity, on
the space and time scales considered, is the temperature effect. Hence, using the the Frank-
Kamenetskii approximation, following McKenzie [48] and Solomatov [49], we can simplify (3)
as follow:

η = A′ exp

(

−C
T

TM

)

, (4)

whereTM is a reference temperature, i.e., the mantle temperature; in the numerical simulations
we will use the following law [50]:

η = 1024 exp

(

−11.5129
T
TM

)

. (5)

The temperature fieldT is diffused and advected by the transport fieldv:

ρMcp

(

∂T
∂t
+ (v · ∇)T

)

= ∇ · (k∇T), (6)

wherecp is the specific heat capacity andk is the thermal conductivity; the ratio

κ =
k
ρMcp

(7)

is the so called thermal diffusivity.
Actually, we are in a situation in which the Prandtl number:

Pr =
η

κ
(8)
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is very high (1026, see Table 1), and hence the inertial terms in (1) can be neglected, so that a
generalized Stokes problem is usually adopted:

−∇p+ ∇ ·
[

η(∇v + ∇vT)
]

= −ρMg, (9)

∇ · v = 0. (10)

In practice, from the fluid dynamics point of view, we have a sequence of steady states, and
the temporal evolution is only due to the temporal variationof the temperature field.

Figure 3: The mean oceanic geotherm, computed with the equation (11), is used as the initial
state for mantle temperatureT, to obtained numerical solutions.

The system (9)-(10)-(6) has to be supplied by suitable boundary conditions, and by an initial
condition for the temperature field. Figure 3 shows the thermal profile, i.e., the mean oceanic
geotherm, used as initial condition for the temperature; the analytic expression of this profile is
given in Schubert et al. [51] and reads as follows:

T(z) − TM

TM − T0
= erf

(

z

2
√
κT

)

, (11)

wherez is the depth variable andT is the sea floor mean age [52].
The particular choice of initial and boundary conditions used in the simulation are described

in Figure 4. In particular, on the bottom of the cartesian domain, the velocity and the stress are
assumed to be normal to the boundary. On the lateral boundaries, a velocity profile normal to the
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boundary is imposed, depending on the choice of the plate kinematic framework. On the top, the
tangential component of the velocity is assigned and the normal component is zero. As for the
temperature, on the lateral boundaries a zero thermal flux isimposed, whereas the temperature is
assigned on the top and on the bottom of the domain. In the nextsections the following notation
will be used:

• Dirichlet boundary for StokesΓDS = top and lateral;

• Neumann boundary for StokesΓNS = bottom;

• Dirichlet for the temperatureΓDT = top and bottom;

• Neumann for the temperatureΓNT = lateral.

Figure 4: Model setup and boundary conditions for numericalsimulations for (a) steady-state
regime and (b) time-dependent regime. Physical quantitiesare reported in Table 1. On the lateral
boundaries, and on the lower boundary a convective heat flux,and a normal velocity flow are
imposed, respectively.
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Table 1: Physical quantities and parameters used for model computations.

Parameter Description Value Units
Vhsr Half spreading rate 10 mm a−1

VNA North America hotspot velocity 36 mm a−1

VEU Eurasia hotspot velocity 26 mm a−1

VMAR Mid-Atlantic ridge migration rate 16 mm a−1

ρM Mantle density 3300 kg m−3

η Variable mantle viscosity 1019− 1024 Pa s
g Gravity accelaration 9.81 m s−2

cp Mantle heat capacity 1350 J kg−1 K−1

k Mantle thermal conductivity 3.3 W m−1 K−1

κ Mantle thermal diffusivity 7.4× 10−7 m2 s−1

T0 Surface temperature 0 ◦C
TM Mantle temperature 1350 ◦C
T Sea floor mean age 60 Ma

4. Time advancing scheme

The evolution in time is only due to the time derivative in theadvection-diffusion equation
for the temperature; as for the Stokes equations, a steady problem has to be solved at each time
step, using a viscosity field depending on the computed temperature.

From the numerical point of view, the solution of the coupledStokes - temperature system,
namely equations (9)-(10) and (6), amounts to adopt the following iterative procedure:

1. given the initial stateT0 for the temperature, compute the viscosity fieldη0;
2. new time steptn+1

= tn + ∆t;
3. solve the Stokes problem in the unknowns (vn+1, pn+1), namely

−∇pn+1
+ ∇ ·

[

ηn(∇vn+1
+ (∇vn+1)T)

]

= −ρMg, (12)

∇ · vn+1
= 0. (13)

4. solve for the temperatureTn+1, using the velocity fieldvn+1, i.e.

ρMcp

(

Tn+1 − Tn

∆t
+ (vn+1 · ∇)Tn+1

)

= ∇ · (k∇Tn+1), (14)

where the implicit Euler scheme is adopted for the time advancing.
5. compute the new viscosity fieldηn+1 at timetn+1, and go to step 2.

5. Space discretization

Let Ω be the 2D domain of interest, andL2(Ω) the Lebesgue space; we will also use the
following notation:

H1(Ω) =

{

v ∈ L2(Ω),
∂v
∂xi
∈ L2(Ω) for i = 1, 2

}

; (15)
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H1
0,ΓDS

(Ω) =
{

v ∈ H1(Ω), v|ΓDS = 0
}

; (16)

H1
0,ΓDT

(Ω) =
{

v ∈ H1(Ω), v|ΓDT = 0
}

; (17)

H1/2(ΓDS) =
{

ξ ∈ L2(ΓDS), ∃v ∈ H1(Ω), v|ΓDS = ξ
}

; (18)

H1/2(ΓDT ) =
{

ξ ∈ L2(ΓDT), ∃v ∈ H1(Ω), v|ΓDT = ξ
}

. (19)

The following vector space will be used as well

H1
0,ΓDS
= H1

0,ΓDS
× H1

0,ΓDS
(20)

Let us define the following bilinear forms

a(v, u; η) =
∫

Ω

η(∇v + ∇vT): (∇u + ∇uT ), (21)

a(T, ϕ) =
∫

Ω

k∇T · ∇ϕ, (22)

b(T, ϕ; v) =
∫

Ω

(u · ∇)Tϕ. (23)

Then, at each time step, we have the following weak problem:
givenvD ∈ H1/2(ΓDS), andTD ∈ H1/2(ΓDT), find (vn+1, pn+1,Tn+1) ∈ H1(Ω)× L2(Ω)×H1(Ω)

such thatv|ΓDS = vD, andT |ΓDT = TD solution of

a(vn+1, u, ηn) + (∇ · u, pn+1)0,Ω = (−ρMg, u)0,Ω, ∀u ∈ H1
0,ΓDS

(24)

(∇ · vn+1, q)0,Ω = 0, ∀q ∈ L2(Ω) (25)

ρMcP

∆t
(Tn+1, ϕ)0,Ω + a(T, ϕ) + ρMcpb(T, ϕ, vn+1) =

ρMcP

∆t
(Tn, ϕ)0,Ω, ∀ϕ ∈ H1

0,ΓDT
(26)

6. Numerical approximation

The domain of interest has been discretized using a non-uniform triangular mesh, and for the
solution of the Stokes equations, standard LagrangeP2 finite elements for the velocity andP1 for
the pressure have been employed respectively.

The algebraic system deriving from this discretization canbe formally written as:
[

K D
DT 0

]

︸        ︷︷        ︸

M

[

uh

ph

]

=

[

f
g

]

(27)

whereK andD are the algebraic counterpart of the Laplace and gradient operators;uh andph

are the vectors containing the nodal values for the velocities and for the pressure;f andg are the
right-had-side vectors depending on the boundary conditions. The algebraic problem has been
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solved usign a preconditioned Krylov method. The preconditioner has been chosen according to
[53] i.e.

M̂ =
[

K̂ 0
0 −Ŝ

]

(28)

whereS = DTK−1D is the Schur complement and̂S is a preconditioner for the Schur comple-
ment. In practice we took

K̂ =

[

K11 0
0 K22

]

(29)

whereKii , i = 1, 2 are the diagonal blocks of the stiffness matrixK; matrix K̂ corresponds the
following bilinear form

â(v, u; η) =
∫

Ω

η∇v:∇u, (30)

which is spectrally equivalent toa(v, u; η).
MoreoverŜ = Mη is a scaled pressure matrix i.e. (Mη)i, j = (η−1p j , qi)0,Ω.
As for the transport diffusion equation for the temperature,P2 finite elements have been used

along with SUPG stabilization.

7. Results and discussion

Results of 2D numerical simulations show substantial differences when modeling with a
steady–state approach or a time–dependent one. Moreover these differences are also linked to
the choice of the kinematic framework, i.e., relative versus mantle–reference plate motions.

Figure 5 refers to the numerical simulations in the AtlanticOcean, by making use of a steady-
state regime for viscosity flow beneath plates that thicken with increasing age. The MAR is
assumed to be fixed, and passive mantle velocity field resultsin a symmetric pattern; as for the
temperature a similar symmetric behaviour is obtained. Thebase of the lithosphere, correspond-
ing to the depth of the line 19.1 of the log10(η), is symmetric as well, with a minimum depth
of -92 km on lateral boundaries, and a maximum one of -10 km beneath the ridge axis, in the
whole domain of the simulation (400 km). Considering the opening of the Atlantic Ocean at the
reference latitiude of investigations (i.e., 43◦N), which amounts to take into account a domain
of 200 km in a time interval of 10 Ma, the minimum depth of the base of the lithosphere is -48
km. At that depth below the ridge axis, the vertical component of the mantle upwelling (V ≈ 12
mm/a) is higher than the half spreading rateVhsr due to the fact that the flow field is close to the
narrowing region, where the lithosphere thickens, as also noted by Shen and Forsyth [23]. The
thickening of high viscosity layer at the surface forces mantle flow field to be faster to supply
material that moves horizontally away from the spreading ridge axis [23].

Significant different results are obtained when computing evolution of MORs using a time-
dependent approach, and mantle-reference velocities as boundary conditions. Starting from the
solution computed using the steady-state approach, the evolution during the last 10 Ma is simu-
lated, and an asymmetric thickening of the lithosphere is observed (see Figure 6). In this second
case, the MAR migrates relative to the mantle during the opening of tha Atlantic Ocean, and
plates move with different velocities. These conditions trigger mantle upwelling beneath the
MAR, and the obtained mantle flow field is asymmetric (Figure 6).

In order to emphasize the shear between the lithosphere and the astenosphere, the horizon-
tal components of the velocity field have been recalculated such that a null horizontal velocity
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Figure 5: Results of numerical simulations in a steady-state regime for viscosity flow beneath
plates that thicken with increasing age. The Mid-Atlantic ridge (MAR) is fixed and passive
mantle velocity field (white arrows) is symmetric. Colors are related to the distribution of the
temperature. Contour lines represent the Log of the temperature dependent viscosity. The tran-
sition between the lithosphere and asthenosphere is assumed to correspond in our calculations to
the depth of the line 19.1, that results in a symmetric shape.

component is obtained on the base of the lithosphere, i.e., the line 19.1 of the log10(η). This
configuration shows that the North-America and Eurasia plates, and the MAR itself, are moving
toward the west, whereas the mantle relatively flows toward the east. During the evolution of the
last 10 Ma for the Atlantic Ocean, the mantle flow rises upwardbeneath the migrating spreading
center, contributing to an asymmetric accretion of the lithosphere. This asymmetric shape is a
direct consequence of the asymmetric pattern of the temperature field. Considering as above the
200 km domain, at the final stage (the Present), the base of thelithosphere reaches two different
depths: approximately -57 km on the western flank (North America) and -44 km on the eastern
one (Eurasia), providing a different thickness of the lithosphere at the two sides of the ridge.

The vertical component of the mantle upwelling at the depth of -48 km below the ridge axis
at 8 Ma is equal to approximately 11 mm/a (Figure 6). Althoughthis value is similar to the
stationary case, it continues to be higher compared with thehalf spreading rate. This effect can
be explained observing that the geometry of the oceanic plates is still narrow in the region of
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spreading center after 2 Ma of evolution. As the simulation progresses, the narrowing of this
region is less evident, and at the final step (the Present), the base of the lithosphere beneath the
MAR is 31 km deep, and this value shows a higher thickness thanthe stationary case; at this final
stage the vertical component recorded at -48 km depth is 5 mm/a (Figure 6).

With the purpose to quantitatively evaluate the whole simulations, a comparison on the shape
of the lithosphere-asthenosphere transition obtained in the two models (i.e. steady-state versus
transient) is reported in Figure 7. Linear least-square Łfitof the curve flanks at the base of
the lithosphere were performed in the 200 km domain for the Present. Considering the steady-
stae case, a symmetric shape is obtained with a slope of 0.37,whereas, in the time dependent
simulation, an asymmetric result is computed, showing a slope of 0.25 for the western flank
(North America) and 0.12 for the eastern one (Eurasia).

The asymmetric thickness of the lithosphere resulting fromthe time-dependent simulation is
in good agreement with the geological data, based on surfacewave tomography models, globally
observed at MORs [15]. Moreover, shear wave velocities in the upper mantle also suggest that,
beneath the MAR, an high value of the thickness of the lithosphere is observed [54, 15]. Our
transient simulations for the Present show that the thickness of the lithosphere beneath the MAR
is higher than the one obtained in the stationary case (31 km versus 10 km); this higher value
seems to be in agreement with the available data, even if it isquite different from the one expected
using a steady-state approach. Moreover, additional geophysical data, obtained by models of
global lithospheric thickness computations [e.g., 55, 56], seems to confirm a depth of -20 or -30
km for the lithosphere/athenosphere transition beneath the MAR. In addition, Grad et al. [57]
reported a Moho depth of 10 km at the latitude of our investigation, and this could suggest a
higher depth for the base of the lithosphere.

We expect that the inclusion in the model of lateral density variations and melting processes,
which have not been considered in this study, could modify the thickness of the lithosphere
beneath the MAR, providing an higher value for the depth of the lithosphere/asthenosphere tran-
sition, and a useful relationship between mantle temperature and thickness of the oceanic litho-
sphere.

8. Concluding remarks

We have performed 2D numerical simulations for temperature–dependent mantle viscosity
flow field beneath lithospheric plates that thicken with age,evaluating tectonic evolution at mid-
ocean ridges (MORs), useful to investigate the geometry of mantle upwelling and lithospheric
thickness.

Results show a significant difference when modeling with relative or absolute plate motions
as boundary conditions, using stationary or transient processes respectively. The use of steady-
state regime results in a symmetric mantle flow, temperaturedistribution, and thickness of the
lithosphere, whereas, for the time-dependent case, an asymmetric flow pattern, temperature field,
and plate thickness are obtained. When two plates and the MORitself move in the same direc-
tionwith respect to the hotspot reference frame, i.e, toward the west in our model, the lithosphere
on the western flank of the ridge is thicker than the eastern one.
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Figure 6: Results of numerical simulations in a time-dependent regime for viscosity flow beneath
plates that thicken with increasing age, in a time interval from 10 Ma up to the Present. The
initial state at 10 Ma corresponds to the stationary resultsof the figure 5. Colors are related to the
distribution of the temperature, and contour lines represent the Log of the temperature dependent
viscosity. The transition between the lithosphere and asthenosphere is assumed to correspond
to the depth of the 19.1, that results in an asymmetric shape,during the opening of the atlantic
ocean (dashed lines). The Mid-Atlantic ridge (MAR) is moving toward the west, and passive
mantle velocity field scaled on the contour line 19.1 (white arrows) is asymmetric.
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Figure 7: Comparison of the shape of the transition between the lithosphere and asthenosphere,
corresponding to depth of the contour line 19.1 (log10(η)), for steady-state and time-dependent
regime in the last 10 Ma, respectively. Linear least-squareŁfit of the curve flanks at the base of
the lithosphere (line 19.1) shows a symmetric result in the steady-state regime with a slope of
0.37, whereas shows an asymmetric result for the time-dependent regime (0.25 versus 0.12).

Because of the more appropriate use of absolute plate motions to understand plate tectonic
dynamics, and lithosphere/mantle interactions, the transient processes and absolute motions as
boundary conditions represent a better choice to investigate the evolution of the Earth’s surface.
Under these assumpions, the results obtained seems to be in agreement with the observations at
rift zones, such as the topography differences [11, 12], or the lithospheric thickness asymmetries
[15], and support some global models for plate tectonics andplate kinematics, i.e., the westward
drift of the lithosphere [58, 59, 60, 41, 18].

Moreover, it is useful to emphasize the shear between the lithosphere an the asthenosphere,
considering mantle upwelling referred to the base of the lithosphere. The upward flow field
reported in Figure 6 shows an asymmetric vertical distribution of velocities at MAR, mainly
oriented toward the plate standing on the eastern side of theridge, i.e., the Eurasia. This could
suggest a correlation between the mantle processes at rift zones and the uplift and crustal defor-
mations occurring on the eastern plate, as shown for the Eurasia plate by Nielsen et al. [61] and
Carminati et al. [16].

The addition of further constraints in the models, such as the spherical geometry, the density
variations as a function of temperature and composition, and mantle melting processes, could
emphasize the asymmetries observed in this paper, and couldsupport to explain, with more real-
istic details, tectonic evolution at MORs. The introduction of temperature-dependent density and
the physics of mantle melting implies to consider a buoyant flow, and to model mantle upwelling
as an active process. Flow patterns strongly affect mantle thermal structure and melt production
beneath a spreading centre, and the combination of passive and active mantle dynamics could
contribute to the knowledge of the relationships among mantle thermal pattern, melt production,
geochemistry of erupted lavas, and thickeness of the lithosphere at rift zones.
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