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Abstract

Tectonic evolution at rift zones is commonly considered syatric along mid-ocean ridges,
when modeling with relative plate motions and steady-gtabeesses. However, tectonic fea-
tures are generally asymmetric, as provided by geologigaaphysical data. A better way to
understand dynamics of the lithosphere at rift zones, ghddphere/mantle interactions cor-
responds to absolute plate kinematic analyses, i.e., wipect to the mantle, modeling time-
dependent tectonic processes. We performed numericalaions of plate-driven mantle flow
beneath mid-ocean ridges and we considered a time-dipefideninduced by the motion of
overlying rigid plates in an incompressible viscous mantng plate velocities obtained in the
hotspot reference frame, as boundary conditions. Thisi@sphat plates along a ridge, and the
ridge itself, move toward the same direction, but with diiat velocities, relative to the mantle,
and the separation between plates triggers mantle upgelilumerical solutions for viscosity
flow beneath plates that thicken with increasing age areepted. The mantle can be modeled
as a viscous fluid, and its dynamics can be described usin§tthiees equations and thermal
effects, and a finite element approach has been adopteddim alitmerical solutions. Results
show an asymmetric thickening of oceanic plates along thgetias suggested by the observa-
tions, and provide useful relationships between mantlg&rature and thickness of the oceanic
lithosphere.

Keywords:
Stationary and transient mid-ocean ridge processes, Muttieal modeling, Computational
geodynamics, Numerical approximations and analysis

1. Introduction

Oceanic rift processes are basically due to divergent péationics and plate kinematics.
Lithospheric plates, moving apart relative to each oth@yide the asthenoshperic mantle up-
welling and melting beneath mid-ocean ridges (MORs), stipglnew material for the gener-
ation of the oceanic crust [1, and references therein]. &}ing centers at the side of MORs
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represent the areas where to find geophysical and geocHemigeerties to constrain oceanic
lithosphere dynamics, and to investigate lithosphereflaamteractions.

Since the discovery of magnetic anomalies at sea-bottoheai¢eanic basins [2, 3], seafloor
spreading has been considered globally symmetric, alsmiedocal asymmetries of the distri-
bution of data were straight after noted in the South Attarustralia and Iceland [4, 5, 6].

During the last two decades, the amount of available datantasased, and data have be-
come better, due to the advances in sea floor imaging, anchenaragnetic measurements. In
addition, because of both the higher quality of data and rtiygrévements in the models, the
asymmetric behavior of tectonic features at MORs are st#lcdibed, such as the differences in
spreading, geometry and subsidence between the two side®dofe [7, 8, 9, 10]. Moreover, the
bathymetry of MORs, observed at a global scale is generajlynanetric [11, 12], and Doglioni
et al. [11] demonstrated that the eastern flank of a ridgeyéreae, is slightly shallower (100-300
m) than the western one. Based on surface wave tomograplielsyghear wave velocities in
the upper mantle indicate heterogeneities in the asthéeospl3, 14], and a difference between
the western and eastern flanks of an oceanic basin can bdalsdlgobserved across the Earth
at MORs [15].

The rift zones and plate boundaries are not fixed, but move nggpect to the mantle, and,
due to the migration of MORSs, some geological and geophlysicalels can conceptually ex-
plain the asymmetries observed [11, 12, 16], also inclutliegglobal asymmetric behavior of
the subduction zones, as a functions of their geographiarippl[17, 18]. The collection of
geological, geophysical and geochemical properties at BJ@Rn be used as constraints for
lithosphere/mantle interaction modeling, being usefub@sndary conditions, when mantle dy-
namics is investigated with numerical simulations.

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

To have a large comprehension of mantle dynamics, migrafitiee MORs relative to man-
tle has to be taken into account. This condition providesemealistic predictions of tectonic
processes with results that have a global behavior to utashetshe evolution of the Earth’s sur-
face. In many papers, effects of ridge migration on passiaatha flows have been considered,
guantifying, with mathematical models, numerical apglaas and steady-stade processes, the
conceptual and geological models previously proposedd@,/29, 30].

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



2. Geodynamic modeling

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

This type of interaction between the lithosphere and theesstsphere can be modeled, from
a geodynamical point of view, assuming an infinitely thihdisphere/asthenosphere boundary
with a perfectly rigid behaviour of the lithosphere abovel amiformly ductile asthenosphere
below [e.g., 22, 25]. On the contrary, Shen and Forsyth [8Bjes] passive mantle flow, adopting
a more realistic boundary layer across which the mantlerhesanore and more viscous as the
plate cools and becomes rigid. The base of lithosphere isvax to be approximated by the
depth of theT = 1350°C isotherm, corresponding to a viscosity: 10'° Pa s.

A basic step in the geodynamic modeling of MOR evolution esponds to the choice of
plate velocities as boundary conditions. Generally, nedgtlate motions are often used, where
plates move with respect to a fixed ridge axis, with a half agirey velocityVys, (Figure 1a).
Relative plate motions can be measured and are derived pbgervations at plate boundaries
both with geological data [e.g., 31, 32, 33], or geodeticiesy., 34, 35, 36]. When using these
model parameters, mantle flow field is expected to rise urdefited ridge with a symmetric
pattern, and also the accretion of the oceanic lithosplsepeddicted to be symmetric (Figure
la).

On the contrary, when MOR migration is taken into accountbhageodynamic models, plate
motions referred to the mantle have to be introduced. Masflerence (or absolute) motions
describe how the entire lithosphere moves relative to thetlmaand they represent a more
approrpiate framework for comparisons with results of @pldynamic models. There is not a
direct way to measure absolute motions, and they need tadiredtly inferred, using results of
relative plate kinematic models.

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

Here, we consider both the models of passive mantle upwedemeath a MOR, using rela-
tive and aboslute plate motions, as boundary conditionst&tionary and transient plate tectonic
processes respectively, to investigate evolution of tleasfing centers, and lithosphere/mantle
interaction in the ocean basins. The variable viscosityditam proposed by Shen and Forsyth
[23] is used in these models, and the computations are agplihe Atlantic Ocean, across the
Mid-Atlantic ridge (MAR) representing the boundary betwabhe North America and Eurasia
plates, at a reference latitude of*#B(Figure 2), quantifying the conceptual model proposed by
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Figure 1: Geodynamic evolution of an oceanic rift at the migan ridges (MORSs). (a) Plates
A and B move with respect to the fixed ridge axis of a MOR, witlf kareading ratévq,
providing passive mantle upwelling. The obtained platgedr mantle flow beneath the MOR
is expected to be symmetric, as well as the thickness of tkaric lithosphere (LITH). (b)
Lithospheric plates A and B, and the MOR itself move relativéhe asthenoshpere with veloc-
ities Va, Vg, andVyor respectively, and at different time instants, the sepamdietween plates
triggers mantle upwelling, resulting in an asymmetricgaitt In order to make evidence of litho-
sphere/athenosphere shear, the horizontal componehtsedlocity field are reported, such that
a null horizontal velocity component is obtained on the li#fgbe lithosphere. Thickness of the
oceanic lithopshere (LITH) is expected to be asymmetric.

Carminati et al. [16]. In these computations, we use platedmantle upwelling assumptions
and thermal effects, not including mantle melting and HEteariations of mantle density, so that
we choose to model tectonic evolution at MORs as a passivaepso
Physical quantities and parameters adopted in the sironktre reported in Table 1, and
we use, at a reference latitude of°#3 the half spreading raté,s; = 10 mm/a, obtained by
4
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Figure 2: Age of the oceanic crust in the Atlantic Ocean, gltthve Mid-Atlantic Ridge (MAR).
At a reference latitude of 48l (open box), when considering relative plate motions (ujagt
panel) Eurasia (EU) and North America plates (NA), move wé$pect to the fixed MAR, with
half spreading rat&}s, = 10 mm/a (red arrows). On the contrary, at the same latituthenw
considering the mantle reference frame, i.e., the hotsglotser-right panel) the Eurasia and
the North America plates, and the MAR itself move to the weh welocitiesVgy = 16 mm/a
Vna = 36 mm/a (red arrows), anduar = 26 mm/a (black arrow) respectively. SA — South
Amrerica plate, AF — Africa plate.

DeMets et al. [32] in the ridge axis reference frame, &d = 36 mm/a,Vuyar = 26 mm/a,
andVgy = 16 mm/a for velocities of North America, Mid-Atlantic ridMAR), and Eurasia
respectively, obtained by Gripp and Gordon [39] in the hot$ramework.

Time-dependent tectonic processes are simulated from 10pMa the Present, during the
opening of the Atlantic Ocean, and this condition impliegttve investigate the last instants of
the evolution of an oceanic rift. This choice is also madealbise absolute plate motions in the
hotspot reference frame obtained by Gripp and Gordon [3®peaconsidered stable for the last
10 Ma, including error estimates for the hotspots [44]. Mwex, Gordon and Jurdy [45] also
used present plate boundary positions and current motiotigei hotspot framework to model
plate kinematics in the last 10 Ma. In contrast, to go backégdeological past, and to evaluate
lithosphere/mantle interactions for different times aft@rd 10 Ma, reconstruction models for
plate tectonics, and appropriate plate kinematic paramate needed. [e.g., 46].

This temporal condition affects our geodynamic modelshghat we first compute the sta-
tionary process, and then we use those simulation resultedsst step for the transient evolu-
tion. Model constraints concerning a time intergsal= 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 Atlantiead opening, in a
200 km wide domain.

3. Mathematical modeling

At first approximation, we can treat the Earth as a fluid, angarticular the lithosphere
and the mantle are considered as highly viscous fluids. Thizuat to use the Navier-Stokes
equations to compute the velocity and pressure fields, namel

ov
pugp +PM(V VNV = pug = ~Vp+ V- [n(Vv + W) (1)

V-v=0, ()

wherev is the velocity,p is the pressureg is the gravity acceleratiopy is the mantle density.

Moreover in (1),7 is the variable viscosity of the fluid, which is a complex ftion de-
pending on temperature, pressure, strain, compostionietpd7] the following law has been
proposed:

T=2a\7 b RT ®)
whereA is a constanty is the shear modulug* is the Burgers vectofT is the temperature,
7 is the second invariant of the deviatoric stress tenBbris the activation energy/* is the
activation volumeR s the gas constart,is the grain sizen is a stress exponent, anta grain-
size exponent. This relation is quite difficult, but the miogportant effect on the viscosity, on
the space and time scales considered, is the temperatex. eflence, using the the Frank-
Kamenetskii approximation, following McKenzie [48] andi@&matov [49], we can simplify (3)
as follow:

1 (#)("‘1)( h )m E* + PV

n=~A exp(—C%), 4)

whereTy is a reference temperature, i.e., the mantle temperatutheinumerical simulations
we will use the following law [50]:

T
n=10% exp(—115129T—). (5)
M
The temperature field is diffused and advected by the transport field
oT
pMCp(E +(v- V)T) =V (kVT), (6)

wherec;, is the specific heat capacity akds the thermal conductivity; the ratio
k
K=
PMCp

(7)

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

pr="1 (8)

K



is very high (18°, see Table 1), and hence the inertial terms in (1) can be ctegleso that a
generalized Stokes problem is usually adopted:

~Vp+ V- [n(W + WT)| = —pug, 9)

V.-v=0. (10)

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

-100 -

Depth (km)

-120 ]
~140 - ]
-160 ]
-180 -

-200

0 200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 3: The mean oceanic geotherm, computed with the iequ@tl), is used as the initial
state for mantle temperatufe to obtained numerical solutions.

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

T(z)—TM_erf( z )
Tv-To  \2viT /)’

wherezis the depth variable ard is the sea floor mean age [52].

The particular choice of initial and boundary conditionsdig the simulation are described
in Figure 4. In particular, on the bottom of the cartesian domthe velocity and the stress are
assumed to be normal to the boundary. On the lateral bowsjarivelocity profile normal to the
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boundary is imposed, depending on the choice of the platnkatic framework. On the top, the
tangential component of the velocity is assigned and thenabcomponent is zero. As for the
temperature, on the lateral boundaries a zero thermal flaxiesed, whereas the temperature is
assigned on the top and on the bottom of the domain. In theseetibns the following notation
will be used:

e Dirichlet boundary for StokeBps = top and lateral;

Neumann boundary for Stok&xs = bottom;

Dirichlet for the temperaturEpt = top and bottom;

Neumann for the temperaturg = lateral.

a) L’ X Vh.\‘r/‘_' M A R Vhsr ﬂ)

d I :J\I/ k/
| [
] )
\ > /
1 I8 K
\ N
Tk‘VT-n:O 400 km kVT—nfOV7
Steady-state regime
t-n=0,Ty
b) T—)X Vva Ty Vmar  VEU
| < <<=

| | )

|
] MAR
|

=
Q X
D S 7
| kVT -n =0 n=0
14_ n 450 km kEVT -n=0 \4—
, Time-dependent regime le|
t-n=0Ty

Figure 4: Model setup and boundary conditions for numes@aulations for (a) steady-state
regime and (b) time-dependent regime. Physical quanétieseported in Table 1. On the lateral
boundaries, and on the lower boundary a convective heatdhok,a normal velocity flow are
imposed, respectively.



Table 1: Physical quantities and parameters used for modepbatations.

Parameter Description Value Units
Vhsr Half spreading rate 10 mnTa
VNa North America hotspot velocity 36 mma
Veu Eurasia hotspot velocity 26 mm'a
VMAR Mid-Atlantic ridge migration rate 16 mnTa
oM Mantle density 3300 kg n?
n Variable mantle viscosity 18- 10% Pas
g Gravity accelaration 81 ms?
Cp Mantle heat capacity 1350 JKgK?
k Mantle thermal conductivity 3 wmik-?
K Mantle thermal diffusivity 74 x 1077 m?st
To Surface temperature 0 °C
Twm 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 #dvection-diffusion equation
for the temperature; as for the Stokes equations, a steadhyeon has to be solved at each time
step, using a viscosity field depending on the computed testyre.

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

1. given the initial statd@© for the temperature, compute the viscosity figld

2. new time step™! = t" + At;
3. solve the Stokes problem in the unknowwis{, p™?), namely

_Vpn+l + V . I:rln(vvn+l + (an+l)T)] — _ng’

v.v™l = 0.

4. solve for the temperatuf@™!, using the velocity field"*!, i.e.

Tn+l .
+

s (T BT < (T,

where the implicit Euler scheme is adopted for the time adiven
5. compute the new viscosity fielgh! at timet™?, and go to step 2.

5. Spacediscretization

(12)

(13)

(14)

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

HY(Q) = {v € L3(Q), % e L2(Q)fori =1, 2};

(15)



Ho o (Q) = {V € HY(Q), Virys = O}; (16)

Horp, (@) = {ve HY(Q), VIr,, = 0}; 17)
HY2(Tps) = {£ € L¥(Tps), Iv e HY(Q). Virps = £ (18)
HY2(Tor) = {£ € LX(Tor), v e HY(Q), Viry, = £]. (19)

The following vector space will be used as well
1 1 1
Hores = Hores X Horps (20)

Let us define the following bilinear forms

a(v,u;n) = f (Vv + W'): (Vu + Vu'), (21)
Q
a(T, ) = f kVT - Vo, (22)
Q
b(T, ¢; V) = fQ(u -V)Te. (23)

Then, at each time step, we have the following weak problem:
givenvp € HY?(I'ps), andTp € HY?(Tp7), find (v™*1, p™1, TM1) € HY(Q) x L%(Q) x HY(Q)
such thawv|r,; = vp, andT|r,, = Tp solution of

a(v™ u,n" + (V- u, pP"Hoa = (-pmG: U)o, YueHir (24)
(Vv goa=0, Vgel*Q) (25)
C
ELE (T, @)oo + AT, ¢) + puCpb(T, ¢.v™*) =
PmCp
T(Tn»‘P)O,Q» Vo e HYp (26)

6. Numerical approximation

The domain of interest has been discretized using a nomwumifiangular mesh, and for the
solution of the Stokes equations, standard Lagr@dmite elements for the velocity arigy for
the pressure have been employed respectively.

The algebraic system deriving from this discretization lbariormally written as:

B

M

g

f ] 27)

whereK andD are the algebraic counterpart of the Laplace and gradiesratqrs;u, andpp,
are the vectors containing the nodal values for the vekxdind for the pressureandg are the
right-had-side vectors depending on the boundary conditid he algebraic problem has been
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solved usign a preconditioned Krylov method. The precamadr has been chosen according to
[53]i.e.

-6 %] (29)

whereS = DTK1D is the Schur complement ailis a preconditioner for the Schur comple-
ment. In practice we took

> | K O
K= [ 0 K (29)
whereKj, i = 1,2 are the diagonal blocks of the stiffness matfixmatrix K corresponds the
following bilinear form
av,u;n) = anv: vu, (30)
Q

which is spectrally equivalent (v, u; ).

MoreoverS = M, is a scaled pressure matrix i.&4,0i j = (771pj, Gi)oq-

As for the transport diffusion equation for the temperatieefinite elements have been used
along with SUPG stabilization.

7. Resultsand discussion

Results of 2D numerical simulations show substantial tbfiees when modeling with a
steady-state approach or a time—dependent one. More®gr thifferences are also linked to
the choice of the kinematic framework, i.e., relative vermantle—reference plate motions.

Figure 5 refers to the numerical simulations in the Atla@@ean, by making use of a steady-
state regime for viscosity flow beneath plates that thickéh wmcreasing age. The MAR is
assumed to be fixed, and passive mantle velocity field relsuéssymmetric pattern; as for the
temperature a similar symmetric behaviour is obtained.dse of the lithosphere, correspond-
ing to the depth of the line 19.1 of the Ig@y), is symmetric as well, with a minimum depth
of -92 km on lateral boundaries, and a maximum one of -10 knea#nthe ridge axis, in the
whole domain of the simulation (400 km). Considering theropg of the Atlantic Ocean at the
reference latitiude of investigations (i.e.,”3, which amounts to take into account a domain
of 200 km in a time interval of 10 Ma, the minimum depth of thedaf the lithosphere is -48
km. At that depth below the ridge axis, the vertical compdméthe mantle upwelling{ ~ 12
mm/a) is higher than the half spreading réitg; due to the fact that the flow field is close to the
narrowing region, where the lithosphere thickens, as atdechby Shen and Forsyth [23]. The
thickening of high viscosity layer at the surface forces tieaflow field to be faster to supply
material that moves horizontally away from the spreadidgeiaxis [23].

Significant different results are obtained when computivajidgion of MORSs using a time-
dependent approach, and mantle-reference velocitiesuaslboy conditions. Starting from the
solution computed using the steady-state approach, tHeteroduring the last 10 Ma is simu-
lated, and an asymmetric thickening of the lithosphere g&eoled (see Figure 6). In this second
case, the MAR migrates relative to the mantle during the mgeaf tha Atlantic Ocean, and
plates move with different velocities. These conditiongger mantle upwelling beneath the
MAR, and the obtained mantle flow field is asymmetric (Figure 6

In order to emphasize the shear between the lithosphereharastenosphere, the horizon-
tal components of the velocity field have been recalculateth shat a null horizontal velocity
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Figure 5: Results of numerical simulations in a steadyestagime for viscosity flow beneath
plates that thicken with increasing age. The Mid-Atlantige (MAR) is fixed and passive

mantle velocity field (white arrows) is symmetric. Colorg aelated to the distribution of the

temperature. Contour lines represent the Log of the temyrerdependent viscosity. The tran-
sition between the lithosphere and asthenosphere is addoroerrespond 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, he.line 19.1 of the logy(n). This
configuration shows that the North-America and Eurasigeplaind the MAR itself, are moving
toward the west, whereas the mantle relatively flows towaecest. During the evolution of the
last 10 Ma for the Atlantic Ocean, the mantle flow rises upvimdeath the migrating spreading
center, contributing to an asymmetric accretion of theobshere. This asymmetric shape is a
direct consequence of the asymmetric pattern of the teryerfield. Considering as above the
200 km domain, at the final stage (the Present), the base dftthephere reaches two different
depths: approximately -57 km on the western flank (North Aca@rand -44 km on the eastern
one (Eurasia), providing a different thickness of the Iiploere at the two sides of the ridge.
The vertical component of the mantle upwelling at the deptd8® km below the ridge axis
at 8 Ma is equal to approximately 11 mm/a (Figure 6). Althotigis value is similar to the
stationary case, it continues to be higher compared witlh#iiespreading rate. This effect can
be explained observing that the geometry of the oceanieglatstill narrow in the region of
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spreading center after 2 Ma of evolution. As the simulatiomgpesses, the narrowing of this
region is less evident, and at the final step (the Preserthdbke of the lithosphere beneath the
MAR is 31 km deep, and this value shows a higher thicknessttiestationary case; at this final
stage the vertical component recorded at -48 km depth is Sar(figure 6).

With the purpose to quantitatively evaluate the whole satiohs, a comparison on the shape
of the lithosphere-asthenosphere transition obtainelddrtwo models (i.e. steady-state versus
transient) is reported in Figure 7. Linear least-square dffithe curve flanks at the base of
the lithosphere were performed in the 200 km domain for tlesé@&ht. Considering the steady-
stae case, a symmetric shape is obtained with a slope of @t8ftgeas, in the time dependent
simulation, an asymmetric result is computed, showing peslof 0.25 for the western flank
(North America) and 0.12 for the eastern one (Eurasia).

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

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

8. Concluding remarks

We have performed 2D numerical simulations for temperatependent mantle viscosity
flow field beneath lithospheric plates that thicken with agluating tectonic evolution at mid-
ocean ridges (MORs), useful to investigate the geometryaritia upwelling and lithospheric
thickness.

Results show a significant difference when modeling withtie¢ or absolute plate motions
as boundary conditions, using stationary or transientgs®es respectively. The use of steady-
state regime results in a symmetric mantle flow, temperatisteibution, and thickness of the
lithosphere, whereas, for the time-dependent case, amasymu flow pattern, temperature field,
and plate thickness are obtained. When two plates and the M@®Rmove in the same direc-
tionwith respect to the hotspot reference frame, i.e, talae west in our model, the lithosphere
on the western flank of the ridge is thicker than the easteen on
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Figure 6: Results of numerical simulations in a time-degerndegime for viscosity flow beneath
plates that thicken with increasing age, in a time intervaif 10 Ma up to the Present. The
initial state at 10 Ma corresponds to the stationary resdltise figure 5. Colors are related to the
distribution of the temperature, and contour lines repretes Log of the temperature dependent
viscosity. The transition between the lithosphere andessibphere is assumed to correspond
to the depth of the 19.1, that results in an asymmetric shdyng the opening of the atlantic
ocean (dashed lines). The Mid-Atlantic ridge (MAR) is mayitoward the west, and passive
mantle velocity field scaled on the contour line 19.1 (whit®@was) is asymmetric.
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Figure 7: Comparison of the shape of the transition betweetithosphere and asthenosphere,
corresponding to depth of the contour line 19.1 (l¢g)), for steady-state and time-dependent
regime in the last 10 Ma, respectively. Linear least-sgtuéitef the curve flanks at the base of
the lithosphere (line 19.1) shows a symmetric result in teady-state regime with a slope of
0.37, whereas shows an asymmetric result for the time-dkgregmegime (0.25 versus 0.12).

Because of the more appropriate use of absolute plate nsatbonnderstand plate tectonic
dynamics, and lithosphere/mantle interactions, the eahprocesses and absolute motions as
boundary conditions represent a better choice to investitp@ evolution of the Earth’s surface.
Under these assumpions, the results obtained seems to feegmnaent with the observations at
rift zones, such as the topography differences [11, 12hetithospheric thickness asymmetries
[15], and support some global models for plate tectonicgdaie kinematics, i.e., the westward
drift of the lithosphere [58, 59, 60, 41, 18].

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

The addition of further constraints in the models, such astiherical geometry, the density
variations as a function of temperature and compositiod, rmantle melting processes, could
emphasize the asymmetries observed in this paper, and swpiebrt to explain, with more real-
istic details, tectonic evolution at MORs. The introduntaf temperature-dependent density and
the physics of mantle melting implies to consider a buoyant,fand to model mantle upwelling
as an active process. Flow patterns strongly affect mamiertal structure and melt production
beneath a spreading centre, and the combination of passivacive mantle dynamics could
contribute to the knowledge of the relationships among tedahermal pattern, melt production,
geochemistry of erupted lavas, and thickeness of the |ithexe at rift zones.
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