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Abstract: The evolution of the ‘mantle - moving deformable continents’ system has been studied by numerical expe-
riments. The continents move self-consistently with the mantle flows of thermo-compositional convection. Our model
(two-dimensional mantle convection, non-Newtonian rheology, the presence of deformable continents) demonstrates
the main features of global geodynamics: convergence and divergence of continents; appearance and disappearance of
subduction zones; backrolling of subduction zones; restructuring of mantle flows; stretching, breakup and divergence
of continents; opening and closing of oceans; oceanic crust recirculation in the mantle, and overriding of hot mantle
plumes by continents. In our study, the continental crust is modeled by active markers which transfer additional vis-
cosity and buoyancy, while the continental lithosphere is marked only by increased viscosity with neutral buoyancy.
The oceanic crust, in its turn, is modeled by active markers that have only an additional buoyancy. The principal result
of our modeling is a consistency between the numerical calculations and the bimodal dynamics of the real Earth: the
oceanic crust, despite its positive buoyancy near the surface, submerges in subduction zones and sinks deep into the
mantle. (Some part of the oceanic crust remains attached to the continental margins for a long time.) In contrast to the
oceanic crust, the continental crust does not sink in subduction zones. The continental lithosphere, despite its neutral
buoyancy, also remains on the surface due to its viscosity and coupling with the continental crust. It should be noted
that when a continent overrides a subduction zone, the subduction zone disappears, and the flows in the mantle are
locally reorganized. The effect of basalt-eclogite transition in the oceanic crust on the mantle flow pattern and on the
motion of continents has been studied. Our numerical experiments show that the inclusion of this effect in the model
considerably alters the pattern of mantle flows and leads to distinct changes in the evolution of continents. Moreover,
a new effect arises - bulging of heavy material (eclogitized former oceanic crust) at the core-mantle boundary, where-
from it arises with the mantle plumes on the surface of the Earth.
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JABUXKYIIUECA JE®OPMUPYEMBIE KOHTUHEHTbI, CMOAEJINPOBAHHBIE
AKTHUBHBIMH MAPKEPAMM: 3AKPBITHE U PACKPBITUE OKEAHOB,
PELIUPKYJIAIIUA OKEAHUYECKOH KOPBI

A.M. Bo6poBgl, A. A. bapaHosBl:2

I Uncmumym ¢usuku 3emau um. O. F0. llImudma PAH, Mockesa, Poccusi
2 HHcmumym meopuu npo2Ho3a 3emaempsiceHuli u mamemamuyeckoli zeogpuzuxu PAH, Mockea, Poccusi

AHHOTanus: B 4lc/eHHBIX 5KCIIepUMEeHTaX M3y4yeHa 3BOJIIOLMs CUCTEMbl MaHTUSA — ABMXKYylIHecs JedopMUpyeMble
KOHTUHEeHTbl. KOHTHUHEHTBbl ABIXXYTCS CaMOCOTJIACOBAaHHO C MAHTUHHBIMU TeYeHUSIMH TepPMOKOMIO3UIMOHHOM
KoHBeKI M. Onpe/ie/leHbl OCHOBHbIE YePThI IJ1I06aJIbHOM reoJUHaMUKU — CXOX/JJeHHe U CKaTHe KOHTUHEHTOB, BO3-
HUKHOBEHME U HCcYe3HOBEHHe 30H CYy6AYKIMH, 63KPOJIIMHT 30H Cy6AYKIMHY, TepecTPpOKa MaHTUHHBIX TeYeHUH U
pacTsKeHHe KOHTUHEHTOB C UX NOCAeYIOLIUM PACX0XK/JeHHeM, paCKPbITHE U 3aKPbITHE OKEeAHOB, a TAKXKe PeLIUPKY-
JIALUSA OKeaHU4eCKOM KOpbl B MAaHTHH. KOHTHHEHTa/IbHas Kopa CMOJie/IMpOBaHa aKTUBHBIMU MapKepaMH, UMeIoI1-
MU /106aBOYHYI0 BA3KOCTb U IUIaBy4ecTb, TOT/la KaK KOHTHHEeHTa/bHas JUTocdepa — MapKepaMH TOJIbKO C IMOBbI-
IIeHHOH BA3KOCTbIO, UMEHOIIIUMHU HeﬁTpa]leyIO NJIaBy4€CThb. OxkeaHu4YecKas KOpa, B CBOIO o4Yepeb, CMOAE/IMPpOBaHa
AKTUBHBIMHU MapKepaMH, UMEIIIHUMHU IJIaBy4€CTb. HpI/IHLU/Il'II/IaJlebe/i pe3yjabTaT — COOTBETCTBUE YHMCJIEHHBIX pac-
YEeTOB peaanofx’I ABYXMOJOBOCTH JUHAMUKH 3eMJIM: OKeaHHYecKast KOpa, HECMOTpPA Ha CBOIO IMOJIOXKUTEJIbHYIO IlJ1a-
By4YeCTb y HOBEPXHOCTH, TOTPY’KaeTcs B 30HaX CYOAYKIIMU U YXOAUT IJIy60Ko B MaHTHIO. (HacTb OKeaHH4eCKOH KOPbI
OCTaeTCs HaJIMIIIIeH Ha OKparWHaX KOHTUHEHTOB U HE TOHET, COXpaHAACh Ha JJIUTEJIbHOE BpeMH.) B otsimume oT Hee,
KOHTHHEHTa/IbHash Kopa He Cy6AyLUpyeT B 30HaX cyoaykuuu. KoHTHHeHTa/bHas JuTochepa, HECMOTPSI Ha CBOIO
HeﬁTpaany}o IJIaBy4YeCThb, 3a CYE€T BA3KOCTU U CLENJIEHUA C KOHTHHEHTAJbHOU KOpOfI TaKXe 0CTaeTCAd Ha MoBepX-
HoCTH. [Ipy 3TOM npu «Hae3ze» KOHTUHEHTA HAa 30HY Cy6AYKIIMM IPOUCXOAUT ee HCUe3HOBEHHUE U JIOKaJbHas Iepe-
CTpoMKa Te4yeHWH B MaHTHUU. U3yyeHO BiMsIHMe Nepexofa 6a3ajbT — 3KJOTUT B OKEAHHUYECKOW KOpe Ha CTPYKTYpY
MaHTHUHHBIX TeUeHUN U JBUKEHNE KOHTHHEHTOB. Y CTAHOBJIEHO, YTO BKJIIOYEHHE B MOJiesib 3dpdeKTa 3TOro nepexoa
CyLI€eCTBEHHO MEHAET KapTHHY MaHTHUHUHBIX TeYEHUH U MMOJIOXKEHUS] KOHTHHEHTOB. Kpome TOrO, NMNOABJIAETCHA HOBBIH
3¢ deKT - BOSHUKHOBEHHE CKOIJIEHUH OCTaTKOB OKeaHU4YeCKON KOpbl Ha JHe MaHTHUH. BelllecTBO 0keaHUYeCKOU KO-
pbI HaKaIlJIMBaeTCs Ha JIHe MAHTUHU HEOJHOPOHO, 06pa3ys HECKOJIbKO CKoILIeHUH. [logHMMasicb BMecTe ¢ ILJIIOMaMH,
BellleCTBO OKeaHW4YeCKOM KOpbl BHOBb OKa3bIBAaeTCsl HA TOBEPXHOCTH 3eMJIM.

KiloueBble c10Ba: YMcC/leHHOe MOJe/JIMPOBaHHE; TEPMOKOMIIO3UIITMOHHAA KOHBEKIHUA; KOHTUHEHT, MAPKeP;
OKeaHHn4ecCKad Kopa, peuupKyJad1ud; 63Kp0}'IJ'II/IH1"

1. INTRODUCTION

The effect of continents on mantle convection has
been studied for several decades. Already early works
[Trubitsyn et al, 1999; Gurnis, 1988] showed that the
presence of continents in the model considerably chan-
ges the mantle convection pattern. Continents moved
by mantle convection themselves change the convec-
tion and create a supercontinental cycle, including the
convergence of all continents into a supercontinent and
its subsequent disintegration accompanied by radical
restructuring of all the mantle flows. In the early stu-
dies, continents were modeled by a heat-insulating line
on the surface without a specified thickness, then by
incompressible rectangles.

In [Bobrov, Trubitsyn, 2008], the movements and
mixing of the submerged oceanic lithosphere material
in the mantle and its subsequent rise to the surface
were determined in the successive stages of the calcu-
lated supercontinental cycle. Simultaneously, the fields
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of viscous maximum shear stresses and the orienta-
tions of their axes were calculated from the obtained
fields of mantle material flows. The oceanic lithosphere
was modeled by passive tracers; the number of tracers
in the model was small. In the works mentioned above,
the continents were considered to be undeformable.

Later on, various models were used to model the
continents. In [Butler, Jarvis, 2004], an axisymmetric
spherical model of a mantle with immobile continent
modeled by a high-viscosity region and subduction of
an oceanic plate near an active continental margin is
considered.

In subsequent years, the continents have been mod-
eled by active tracers, which allowed to take into ac-
count the deformation and buoyancy of the continents.
In [Trubitsyn et al, 2007], subduction of the oceanic
and continental crust into the mantle was simulated by
the method of active tracers. Their model shows that
the oceanic crust (both normal and thickened) sub-
merges in subduction zones together with the oceanic



lithosphere. In its turn, the buoyant continental crust
does not sink in the subduction zones. This model has
several shortcomings: the square area of computation,
low Rayleigh numbers, and Newtonian rheology in the
entire design area (softening of the substance at high
stresses is not taken into account). Actually, the princi-
pal conclusions published in [Trubitsyn et al, 2007] are
correct, although based on the estimations from the
parameters that differ significantly from the real pa-
rameters of the Earth.

In [Bobrov, Baranov, 2011], a continent simulated by
tracers with increased viscosity and zero buoyancy was
added to the two-dimensional model of mantle convec-
tion. It was assumed that the continent moved self-
consistently with mantle currents. Stress fields were
also calculated at different stages of the evolution of
the system.

Magni et al. [2013] considered various modes of
lithosphere subduction, such as delamination of the
continental lithosphere and slab detachment. The cal-
culations were performed using the well-tested Citcom
program for a two-dimensional Cartesian model (li-
mited to the upper mantle) with the aspect ratio of 1 to
5. The continents were modeled by active tracers with
positive buoyancy and increased viscosity. A short-
coming of their model is that it does not consider a
phase boundary at a depth of 410 km; moreover, a 660
km phase boundary is also absent since the model is
limited to the upper mantle.

The spherical model considered in [Yoshida, 2012]
includes deformable continents, which are more rigid
than low-viscosity zones, i.e. young orogenic belts and
suture continental zones. It is shown that the weak
low-viscosity continental margins play an important
role, partly protecting the platform areas from stret-
ching by the convecting mantle and so ensuring their
longevity. For continental areas, the yield stress was
assumed to be infinite, so they did not have the proper-
ty of plastic softening at high stresses. The yield stress
of the oceanic lithosphere was assumed equal to 100
MPa. The transport and recycling of the oceanic crust
material in the mantle was not considered in [Yoshida,
2012] (the tracers were introduced only for the conti-
nental areas).

In our study, considerable attention is paid to the
role of a heavy eclogitized material and its effect on
the pattern of mantle convection.

Numerous studies have been aimed at computer
modeling of thermochemical convection and conside-
red the role of both the heavy component (eclogite)
sinking into the mantle in the subduction zones, and
the light fraction that results from differentiation
and ascends in the mantle from the core-mantle
boundary.

The role of the heavy component was numerically
investigated, in particular by Lobkovsky and Kotelkin.
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In the series of papers, models of various geometry
were considered: the two-dimensional Cartesian model
[Lobkovskii et al, 2014]; the model of the thin conic ring
in the equatorial plane [Lobkovsky, Kotelkin, 2004]; and
the spherical model [Lobkovsky, Kotelkin, 2015]. They
consecutively introduced more and more new factors
into their model and thus refined it to represent more
details.

An important element of the model is the presence
of phase boundaries at the depths of 410 and 660 km.
The latter boundary plays a particularly important role,
since it is an endothermic transition, that is, to some
degree (depending on the parameter of the problem -
the slope of the phase equilibrium curve) prevents the
passage of mantle streams. In the computer experi-
ments, Lobkovsky and Kotelkin obtained the pheno-
menon of intermittent convection: during some stages
the convection in the upper mantle and the convection
in the lower mantle took place almost separately,
which led to substantial cooling of the upper mantle.
Due to its weight, the cooled material passed the 660
km barrier and began to sink quite rapidly into the
lower mantle, thus causing the convection in the whole
mantle. With the appropriate choice of parameters,
Lobkovsky and Kotelkin achieved consistency between
their results and the duration of the geologically ob-
servable cycles. Their model shows that the heavy
component (eclogite) plays a significant role: it partici-
pates in the descending thermal flows, intensifying
them, so the avalanches in the thermochemical convec-
tion occur more often than in case of the purely ther-
mal convection.

In the Lobkovsky model, a powerful global descen-
ding flow emerges at the stage of global convection and
pulls together the material above the flow to make a
supercontinent on one side of the planet, and an as-
cending superplume occurs on the other side. Based on
this process termed ‘overturn’, Lobkovsky et al. pro-
posed a fundamental explanation for the division of the
Earth into the oceanic and continental hemispheres.

The above-mentioned studies should not be regar-
ded as providing the final answers to the issues of con-
vection in the Earth’s mantle. As the authors them-
selves point out, some important factors have not yet
been taken into account. In the spherical model, the
viscosity of the entire volume of the mantle material is
assumed to be constant. For the same reason, the mo-
del does not take into account the viscosity jump at the
depth of the 660-km boundary. Because of this, the
flow velocities in the upper and lower mantle in the
model should have close values (as in the animation to
[Lobkovsky, Kotelkin, 2004]), which seems unlikely. In
addition, the inclusion of this viscosity jump in the
model should, apparently, influence the process of
‘overturn’. Due to the high viscosity of the lower mantle
(in the real Earth, the viscosity jump at the 660-km
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boundary is 30:1 or more), an avalanche would pro-
gress more slowly, and its penetration would take
place for a longer time and less intensively.

In contrast to the two-dimensional Cartesian model
[Lobkovskii et al, 2014], in the Lobkovsky spherical
model, continents do not have an effective viscosity
exceeding the viscosity of a homogeneous mantle. The
continents are simulated by numerous (~105) tracers
transferring the property of buoyancy (but not of con-
tinental viscosity and strength). As a consequence, low-
viscosity tracers, in our opinion, too easily combine in-
to continents and the supercontinent with their subse-
quent dispersion; these aggregations are round-
shaped. Nevertheless, despite these simplifications, a
fundamental conclusion in the qualitative form was
obtained about the reasons of the difference in the con-
tinental and oceanic hemispheres of the Earth. Further
development of this model seems very promising.

In our present work, we consider a two-dimensional
Cartesian model and numerically investigate the evolu-
tion of mantle flows, temperatures, viscosity fields, and
the displacement of the material during the motion of
two continental plates on the surface of the convective
mantle. Non-Newtonian rheology of the material is ta-
ken into account. Two continents of different sizes are
superimposed on the mantle flows calculated with the
thermal Rayleigh number Ra=2x107. The continental
crust and the continental lithosphere, as well as the
oceanic crust, are modeled by active tracers. They play
an important role - firstly, they show the movement of
the material in the course of evolution. For deformable
continents, this makes it possible to take into account
such effects as compression, stretching of continents,
their local thinning and thickening, that is, those pro-
cesses that take place in reality. The modeling of conti-
nents by rigid rectangles or lines does not allow for
these processes to be taken into account. Secondly,
tracers are defined here as active, i.e. as transferring
the properties of a given material: its viscosity (which
determines either the preservation of the compactness
of this part of the material (at its high viscosity) or its
disintegration); and its density in relation to the sur-
rounding material, what determines its buoyancy.

The viscosity of the material in the model depends
on the temperature, and also, in the oceanic area to
depths of 150 km, on the stresses at a given point.
Namely, the effective viscosity drops abruptly when the
critical value of the applied stress is reached. This
property of the drop in the viscosity of the material
when the critical value of the maximum shear stress is
reached (non-Newtonian viscosity, quasi-plastic beha-
vior) plays a very important role. Due to such rheology,
bending of thick rigid oceanic plates (in the region of
high stresses) and their subduction becomes possible.
This property is one of the main factors determining
the base features of mantle convection.

The model assumes that the viscosity of the conti-
nents is higher than the temperature viscosity of the
corresponding oceanic area.

It is, of course, evident that the situation in reality is
much more complicated. Very interesting results were
obtained, in particular, from the regional models with
kinematic boundary conditions [Burov et al, 2014].

The advantage of the global dynamic model under
consideration is its coverage of the entire mantle as a
whole. Unlike regional models, the global model does
not require to formally introduce any closely located
vertical side walls of the regions and, accordingly, to
impose artificial boundary conditions (which some-
times do not even vary with time). Obviously, these fac-
tors can influence the derivable results.

The phase boundaries in the mantle at the depths of
410 and 660 km are taken into account in our mode-
ling, since a number of works have shown their essen-
tial role. In our model, the density of material abruptly
changes at these boundaries. The upper/lower mantle
boundary at 660 km also is considered as the position
of the jump in mantle viscosity.

As found in a number of studies, for example, in
[Tosi, Yuen, 2011; Bobrov, Baranov, 2016], the presence
of these boundaries leads to a number of effects, such
as the ‘two-storied’ form of ascending plumes, with
some delay of the material immediately underneath the
660-km boundary; immersed slabs ‘lying’ on this bor-
der, which are of frequent occurrence; and, in general,
the impeded passage across the 660-km border in both
directions. Further, the difference in the viscosities of
the upper and lower mantle leads to the fact that the
flow velocities in the upper mantle are about 4 times
higher than in the lower mantle, and the flows are
oriented (mainly) subhorizontally. These significant
subhorizontal upper-mantle flows may transfer the
upgoing plumes to thousands of kilometers away from
the place where they passed the 660-km boundary. In
this case, the forms of the transfer of the plumes
may be different. If, for example, a large-scale mantle
flow comprises a group of plumes, the lateral plumes
are strongly affected by the flows and drawn to sides,
while the central ones ascends almost vertically. All
these effects, of course, also affect other geophysical
fields.

2. THE EQUATIONS AND THE MODEL

We use the Cartesian 2D model. It is assumed that
the mantle is heated from the core and by the decay of
the radioactive isotopes uniformly distributed in the
mantle.

The 2D fluid convection equations for the coordi-
nates x and z in the dimensionless form are as follows.

The continuity equation is



O0Vx/0x+0V,/0z = 0, (1)
the momentum transfer equations are

—0p/0x+0Txx [0X+0Tx,/0Z = 0 (2)
and

—-0p/0z+0Tx; /Ox+01,,/0z = -RaT+Ra.C+RapmnAl,  (3)
the heat transfer equation is

OT/ot+V 0T/ 0x+V,0T/0z = 02T /Ox2+02T/0z?+H, (4)

and the transfer equation for the concentration C of
the material is

8C/0t+V,0C/dx+V,0C/dz =
= (ka /%) (62C/Ox2+02C/0z22). (5)

Here, Ra = apogATD3/xno is the thermal Rayleigh
number; Ra. = ApgD3/xn, is the compositional Rayleigh
number; Ap=pi-po is the density difference of con-
sidering material and the mantle material; Rapn=
=0pgD3/(xno) is the phase Rayleigh number that cha-
racterizes the effect of the density jump dp upon phase
transition.

['(x, z) is the volumetric fraction of the second phase
(which has a higher density). The gamma function
is defined through the hyperbolic tangent. Function
AT'=I'(x,z)-T'o (where I'g is the phase distribution func-
tion undisturbed by the convection) is AI' = 1 in the re-
gion where the phase boundary is elevated relative to
undisturbed level ho, and AT’ = -1 in the region where
the phase boundary is lowered.

The Earth mantle is described in general by the
following parameters [Schubert et al, 2001]: the coe-
fficient of thermal expansion a=2x10-5 K-1; gravita-
tional acceleration g=9.8 m/s?; p=4600 kg/ms3; the
coefficient of thermal diffusion k=10-6 m/s2; the refe-
rence Kkinematic viscosity vo=1mo/p=0.5x1018 m/s?;
the dimensionless thermometric density of the heat
sources H=15 [Lowman et al, 2004]; and the drop in
the superadiabatic (potential) temperature between
the core/mantle boundary and the surface, AT, which
is assumed to be 2500 K in our calculations. The scaling
factors for the mantle are D = 2850 km for the length
and k/D=1.08x10-3 cm/yr for velocity; to=D?/k=266 Ga;
and 6o = k1o /D% = 0.235x103 Pa. These values give the
Rayleigh number Ra= =(agATD3)/(kvo)x2x107. We
note that Ra is determined here through the tempera-
ture difference AT between the lower and upper
boundaries. In our model, y410=1.6 MPa/K, dps10/po=
=0.07; yes0=-1.3 MPa/K and 8peco/p0=0.09 [Fei et al,
2004]). With these parameters, the Rayleigh num-
bers are Rapns10=0p410 gD3/(kpvo)=2.8x107; Rapheso=
=0psso gD3/(Kkpvo)=4x107. The values of dimensionless
y are 0.035 for the transition at the depth of 410 km
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and -0.025 for the transition at the depth of 660 km. At
Ra=2x107, the dimensionless time interval of 1x10-5
corresponds to 2.7 Ma.

In more details the equations are described in
[Bobrov, Baranov, 2011, 2016].

The deviatoric viscous stress tensor has the follow-
ing components:

T = 20V /0%, (6)
Tz, = 2M0V./0z, (7
Txz =M (0Vx/0z+0V,/0X), (8)

where 1 is the dimensionless dynamic viscosity at a
given point.

In the general form, the viscosity depending on
temperature and strain rate of the material at a given
point is described by the following formula [Simon et
al,, 2009]:

n=A-t/n[e]a-m/nexp[(Ea + PV)/(nRT)]. (9)

Here, T and P are dimensional temperature and
pressure; R is the universal gas constant; A is the coef-
ficient before the exponent (pre-exponential factor); n
is the nonlinearity index; é is the second invariant
of the strain rate tensor; E. and V are the activation
energy and activation volume, respectively. The term
[é]@-m/n describes the plastic character of the de-
formations. In the present work we use a model with
a simplified temperature dependence of viscosity
(Arrhenius’s law):

nr= exp(ZE/[T+Tbot)_ZE/[Tref'i'Tbot)); (10)

where the dimensionless parameter E, which is con-
nected with activation energy, determines the viscosity
range in our model; T is the dimensionless superadia-
batic temperature; T,y is assumed to be 0.5; and the
temperature at the mantle bottom is T = 1.

In the present study, E=In1045=10.36, which cor-
responds to the activation energy (431 kJ/mole)
[Yoshida, 2010]. This value is approximately the activa-
tion energy of wet olivine [Karato, Wu, 1993]. In our
model, the jump in viscosity at the boundary with the
lower mantle is assumed to be 50. Thus, in our model

nr=exp(20.72/(T+1)-20.72/(0.5+1))
for the upper mantle, and

nr=50exp(20.72/(T+1)-20.72/(0.5+1)) (11
for the lower mantle.

Considering the oceanic lithosphere (above 150 km),
in addition to Arrhenius’ law, the plastic character of

the deformations should be also taken into account, by
the condition
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Niitho = Min(t/2é,nr), if nr 230, (12)
where é is strain-invariant at a given point:
ée= (05 eU éij)l/z, rae é[j:aVi/an'Fan/an, (13)

T is the effective yield stress [Yoshida, 2010].

In our study, we assume T to be 50 MPa in dimen-
sion form, which falls in the interval that favors the
generation of relatively rigid plates [Trubistyn, 2012;
Moresi, Solomatov, 1998]. The strength of the conti-
nents in our calculations is assumed to be 10 times
greater than the strength of the oceanic lithosphere.
Thus, we have the continental strength (yield stress)
equal to 500 MPa. Note that in [Yoshida, 2010, 2012]
the strength of continents is taken to be infinite; [Magni
et al, 2013] assumes a value of up to 400 MPa. With the
continental yield stress value used in our study, there is
no massive sinking of continents into the mantle in the
zones of strong descending flows. At lower values of
the yield stress of continents, such a run-off in the
model can occur.

In our model, the thickness of the continental crust
is 40 km, and the continental lithosphere (including the
crust) is 150 km thick. The continental crust in the
model has a positive buoyancy (the density difference
between the continental crust and the mantle is 2800-
3200=-400 kg/m3), which corresponds to the Rayleigh
number Ra 1=-4x107.

Below we consider two versions of buoyancy of the
oceanic crust. In the first version, an oceanic crust with
the thickness of 7 km is modeled by active tracers with
positive buoyancy (the density difference of the mate-
rials of the oceanic crust and mantle is 3000-3200=
=-200 kg/m3), which corresponds to the Rayleigh
number Ra;=-2x107. The basalt-eclogite phase tran-
sition is not taken into account.

In the real Earth, at a pressure exceeding 2.5 GPa
[Sobolev et al, 2007], the oceanic crust basalt trans-
forms into eclogite with a density of approximately
3400 kg/m3. The second version of our calculations
takes into account this transition, and the buoyancy
of the oceanic crust in our model becomes negative
from the depth of 80 km (the density difference is
3400-3200=200 kg/m3), which corresponds to the
Rayleigh number Rac = 2x107. Thus, Rac in the ocea-
nic crust changes sign at a depth of about 80 km.

The continental lithosphere has neutral buoyancy.
Indexes 1, 2 and 3 denote the tracers of the substances
of the continental crust, the continental lithosphere,
and the oceanic crust, respectively. Concentrations of
Ci23 can vary during the process of movement and
mixing of the material from 1 to 0.

The viscosity of the continents is assumed to be in-
creased in comparison with the temperature viscosity
of the corresponding oceanic region nr. For the conti-

nental crust, the viscosity is taken in dimensionless
quantities equal to nr+1000xC1, for the continental
lithosphere it is nt+500xC,. Thus, the viscosity of the
substance is transferred by the continental tracers (in-
dices 1 and 2). The buoyancy of the substance in this
version of the model is transferred by the tracers of the
continental and oceanic crust (tracers 1 and 3).

The calculations in our study are conducted by the
2D Citcom code [Moresi, Gurnis, 1996; Zhong et al,
2000] with some updates and the automated graphics
developed by A. Evseev. This code has been widely
used and thoroughly tested. For each time instant, the
momentum transfer equation and the heat transfer
equation were solved. The thermal convection was cal-
culated with the Rayleigh number Ra=2x107. The nu-
merical finite element solution was computed in a box
area with the aspect ratio L:D=5:1 on a uniform
401x201 grid, i.e., with the horizontal resolution of
36 km and the vertical resolution of 15 km. In the
course of the computations, the model achieved the
regime that is inherent to the assumed parameters (the
systematical trend of the solution disappears). The pa-
rameter of artificial compressibility (tole_compressibi-
lity) was assumed to be 5x10-6, and the accuracy of the
Uzawa algorithm was 1x10-5. This combination of the
parameters is optimal from the standpoint of the accu-
racy and performance [Brooks, Hughes, 1982; Hughes,
1987; Moresi, Gurnis, 1996]. The parameters of the al-
gorithm are described in more detail in the above-
mentioned papers.

3. Results and discussion
3.1. OCEANIC CRUST WITH POSITIVE BUOYANCY

Figures 1-11 show the results for eleven successive
stages of the convection. In each figure, the following
fields are shown from top to bottom: the distributions
of temperature and velocity, logarithmic viscosity, and
the distribution of the three types of tracers in the cal-
culation area (tracers of the continental crust are
shown in red, the continental lithosphere is green, and
the oceanic crust is blue.

The dimensionless time of stage 1 is assumed to be
zero. The dimensionless times of stages 1-11 are t1=0;
t2=2.63x10% t3=4.16x10-%; t4=8.88x10-%; t5=1.36x10-3;
t6=1.82x10-3; t7=2.34x10-3; tg=3.01x10-3; t9=3.11x10-3;
t10=3.25x10-3; t11=3.52x10-3, respectively. In the dimen-
sional units, these values correspond to t1=0 Ma;
t,=70 Ma; t3=110 Ma; t4=236 Ma; ts=361 Ma; t¢=483
Ma; t;=623 Ma; tg=802 Ma; t9=828 Ma; t10=864 Ma;
t11=935 Ma, respectively. The calculation of this evolu-
tion required 6800 time-steps.

Our modeling shows the following characteristic
stages:
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Initial moment, t=0. Continents are introduced in
the model. Due to the impact of the mantle flows, the
continents begin to move to the left in the model.

Fig. 2: t=70 Ma. The left slow-moving continent has
almost stopped (as it reached the boundary of the cal-
culated region). By this time, an inclined slab has
formed under its edge (and the edge itself thickened).

Fig. 3: t=110 Ma. As soon as the left-side continent
stopped, the motion of the right-side continent slowed
down. Due to this slowing-down, the motion of the oce-
anic lithosphere material is hindered by the stalled
plate, which leads to creation of a descending flow, i.e. a
new subduction zone, behind it (x=1.8+2.0), or, in other
variants, at some distance behind it. The closure of the
ocean is almost maximal.

Fig. 4: t=236 Ma. Maximum convergence of the con-
tinents. The slab, formed by the oceanic plate between
the continents, broke away under its own gravity
(x=0.8+0.9, z=0.5+0.8), and subduction ceased. Thus,
the scenario of slab detachment during the collision of
two continents is realized, as described in [Davies,
von Blanckenburg, 1995; Duretz et al,, 2011; van Hunen,
Allen, 2011]. The left-side continent experienced a total
compression of ~10 % as compared to its initial state.

Then the opening of the ocean begins. The tempe-
rature and viscosity fields at this stage demonstrate

that a portion of the cold oceanic lithosphere has al-
ready broken off and is now plunging into the lower
mantle.

Fig. 5: t=361 Ma. The opening of the ocean con-
tinues. The field of the tracers shows the role of the
660-km phase boundary: sinking of the oceanic crust is
hindered when it passes this border, and the oceanic
crust either lies on the phase boundary or is divided
into two segments (right- or left-side subduction, re-
spectively). The upper mantle flows begin to transfer
the upper portion of the subducted oceanic crust into
the opening ocean area (x=1.0+1.3, z=0.07+0.20).

Fig. 6: t=483 Ma. The portion of the oceanic crust
remaining in the upper mantle has been already up-
lifted to the surface in the opening ocean area
(x=1.2+1.3). An intensive descending mantle flow has
been formed to the right of the right-side continent
(x=3.2+3.8). Large velocity vectors show that it is the
main driving force at this stage. The opening of the
ocean between the continents is quite intense. Due to
the impact of the slab formed at this stage, the right-
ward motion of the right-side continent has also in-
creased from 0.6 cm/yr in the previous stage to about
5.4 cm/yr. The slab retreats from the approaching
continent to the right (the effect of backrolling) and
moves slower that the continent.
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Fig. 7: t=623 Ma. Opening of the ocean stops. Its size
reached 7500 km (analogue of the Atlantic Ocean).
During the entire period of opening, the left-side conti-
nent slowly stretches. The oceanic crust remaining in
the upper mantle noticeably rises up due to convection
in the upper mantle. The right-side continent overrided
the slab and broke the upper-mantle portion of this
slab, and the velocity of the continent decreased by an
order of magnitude. The remnant slabs are located
deep in the lower mantle (x=3.0+3.6, z=0.1+0.4). Simul-
taneously, at the continental sides, descending mantle
flows formed, while the continent itself was shortened.
The right-side descending flow is smaller and lies on
the 660-km boundary for some time. The left-side
descending flow (x=3.5+3.7) is very intense and con-
tinues to develop. It should be noted that an intensive
descending flow in our model occurred thrice - it ap-
pears behind the moving continent at the moments
when the continent motion is abruptly decelerated:
t=110 Ma, t=623 Ma, and t=935 Ma.

Fig. 8: t=802 Ma.The left-side continent was sepa-
rated from the left-side border of the calculation area
80 Ma before this stage. The right-side continent sur-
rounded by subduction zones is under compression.
The left-side ocean is opening; practically in the middle
(x=0.7) the mid-oceanic ridge appeared, and here the
recycled oceanic crust is transferred to the surface. At
the front edge of the left-side continent, there is a
fragment of the oceanic crust (x=2.08+2.15, z=0.9+1).
This fragment joined the continent at an early stage of
the evolution. Thus, the oceanic crust, attached to the
continent during subduction, can remain at the surface
for a long time (in the model, the full time of the nu-
merical experiment is ~1 billion years). The right-side
ocean is closing. The subduction zone (x=3.1+3.2) lo-
cated in the closing ocean retreats to the right-side con-
tinent that is surrounded by the subduction zones and
experiences compression.

Fig. 9: t=828 Ma. Active opening of the left-side
ocean continues, and the velocity of the left continent
reaches 9 cm/yr.

The left-side continent with the subduction zone
reaches the mantle plume located in front of it
(x=3.0+3.1). In the continental convergence region,
there are three subduction zones, which are later com-
bined into one.

Fig. 10: =864 Ma. The moment of the continental
collision. The left-side continent with the subduction
zone destroyed the mantle plume in the closing ocean.

In this case, a group of three subduction zones in
continental convergence region is combined into a
single intensive mantle flow. Note that a similar phe-
nomenon occurs in case of the Philippine oceanic plate
that is surrounded by subduction zones.

In the region (x=0.8+1.0), there is a mid-oceanic
ridge on the surface, where, as can be seen in the

Geodynamics & Tectonophysics 2018 Volume 9 Issue 1 Pages 287-307

figures, the recycled oceanic crust is transferred to the
surface.

The left-side continent sharply slowed down during
the collision. The subduction starts at its left edge. This
effect occurs in this model for the third time.

Fig. 11: t=935 Ma. The rightward movement of the
continents as a whole slows down as they approach
the wall of the computational area. Now the continents
are surrounded by subduction zones. The third subduc-
tion zone is located at the junction of the two conti-
nents.

Stretching in the left-side continent is initiated by a
mantle flows underneath this continent. Note that in
the upper part of the plunging slab, the values of the
maximum shear stresses can reach values up to
200000 in dimensionless form, i.e. up to 50 MPa in di-
mensional form. Thus, the yield stress limit adopted in
our model is reached in these region, which results in
quasiplastic deformation of the material.

Summarizing the above-described results, we con-
clude that the model demonstrates all the basic ele-
ments of the modern theory of floating continents.

The positive buoyancy of the oceanic crust slows
down its plunging, as well as the subduction of the
oceanic slab (due to the viscous cohesion), if the crust
does not detach from the slab.

In the areas where the oceanic crust thickness is
comparable with the continental one (up to 30 km), the
subduction of the slab slows down sharply. This effect
is observed for basaltic plateaus in the ocean, such as,
for example, the Ontong-Java plateau [Taira et al,
2004]. In detail, the dependence of crustal subduction
on the crustal thickness and buoyancy was studied in
[Trubitsyn et al., 2007].

The small thickness and low buoyancy of the ocea-
nic crust as compared to the continental one explains
the fundamental distinction in its evolution. The ocea-
nic crust sinks in subduction zones, and only partially
remains at the sides of the continents. The continental
crust, on the contrary, practically does not subduct
due to its large thickness and higher buoyancy (the
density difference of the continental crust and the
mantle is 2800-3200=-400 kg/m3, and for the oceanic
crust it is -200 kg/ms3). Thus, the oceanic crust exists
on the surface for no more than 200 Ma (before the
closure of the ocean), while the continental crust can
exist for billions of years.

Our results show the constantly arising oscillations
of the process (fluctuations in the shape of the flows, in
their velocities, in heat flow, etc.), which vary in fre-
quency. Using the experimental data on liquids [Dob-
retsov et al.,, 1998; Kirdyashkin et al, 2000] obtained the
(scaled) results which were correlated with the charac-
teristic durations of the Wilson supercontinental cycle.
For this purpose, the hydrodynamic homochronicity
criterion Ho=ut/l was introduced, where u is the
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Puc. 12. Mogenb MaHTHUM C BA3KOIJIACTUYECKOU peoJioTHed U 3KJoruTusauuen, t=236 muH JieT. [IpeacraBiaeHsl noss
(cBepxy BHM3): MPOCTPAHCTBEHHOE pacHpeiesieHre 6e3pa3MepHO TeMIepaTypbl U CKOPOCTEH TeYeHUH; MPOCTPaHCTBEH-
HOe pacnpe/iesieHre 6e3pa3MepHOU BA3KOCTH (IIKaJia BI3KOCTH JiorapudMHUdecKasi); MoJisi MapKepoB TpeX THIIOB: MapKe-
Pbl KOHTUHEHTaJIbHOUM KOPBI OKa3aHbl KPAaCHbIM I[BETOM, KOHTUHEHTAJbHOU JIUTOCHEPHI — 3eJIeHbIM, OKeaHUYeCKOH KOpbI

— CHHHM.

characteristic flow velocity, t is the period of tempera-
ture pulsations, and [ is the thickness of the layer. For
experiments with viscous fluids at Rayleigh numbers
(6.8x105+1.0x10¢), the estimate Ho=7.2 was obtained
[Kirdyashkin et al., 2000].

Let us consider our results from this point of view.
Taking the characteristic values from our calculations:
u=4 cm/yr; tchar=500 million years - time comparable
with the duration of the Wilson cycle; I=2900 km - the
thickness of the mantle, we obtain Ho=7; the evaluation
shows a good stability of this value for a wide range of
models. Of course, there are shorter-period oscillations,
in particular, with quasiperiodicity of 10-40 million
years, associated with the emergence of individual
plumes and the immersion of slabs.

3.2. TRANSITION OF BASALT-ECLOGITE IN THE OCEANIC CRUST

In this version of our calculations, the basalt-
eclogite phase transition is included, i.e. Ras; of the
oceanic crust changes sign at a depth of about 80 km,
and so oceanic crust becomes heavier than the sur-
rounding mantle.

The calculations show a number of differences from
the previous version. Figures 12-19 show some cha-
racteristic stages.

The initial stages during the first 250 Ma develop
almost identically; then significant discrepancies begin
to occur.

Unlike the first version of the model, where after
250 million years, a new ocean begins to open between
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almost converged continents begins, here it does not
occur (Fig. 12, t=236 Ma).

Until t=490 Ma, the continents remain almost con-
verged and inactive. The gradual extension of the left-
side continent by ~10 % takes place later on. Then a
new ocean begins to open to the left of both continents,
similar to the previous version.

Thus, the model without eclogitization shows
the opening of the first ocean between continents at
t=240 Ma and the second ocean to the left of both con-
tinents at t=720 Ma. According to the model with ac-
count of eclogitization, only the second ocean occurs:
its opening begins at t=635 Ma.

It seems that the opening of the (first) ocean be-
tween the continents is impeded by a subvertically
plunging strip of the eclogitized heavy oceanic crust
beneath the suture of these continents (see Fig. 13:
t=490 Ma, x=0.5+1.1, z=0+0.7). Hence, the sensitivity of
the results to eclogitization is evident.

In the process of opening of the ocean, the gap
between the two continents is completely closed
(t=710 Ma), and the oceanic crust becomes sandwiched
between continents.

Fig. 16: t=845 Ma. The recycled oceanic crust from
the lower mantle begins to transfer to the surface in the
opening ocean (blue tracers). Thus, the phenomenon of
recirculation of the oceanic crust in the mantle [Chris-
tensen, Hofmann, 1994; Sobolev et al, 2007] is numeri-
cally confirmed.

Simultaneously, an important new effect arises: at
the bottom of the lower mantle, two small clusters
formed, containing the heavy material of the eclo-
gitized oceanic crust. The upward movement of this
heavy material occurs with difficulty (as seen in all
subsequent stages of the calculation). The reason is the
negative buoyancy of eclogite. In the previous version,
the basalt-eclogite phase transition is not taken into
account, so that there is no bulging of heavy material at
the mantle bottom. Due to its positive buoyancy, the
oceanic crust material is easily transferred to the sur-
face of the Earth.

Fig. 17: t=875 Ma. The right-side continent reaches
the mantle plume located in front of it. The descending
flows fall sub-horizontally to the 660-km boundary.

The continent finally destroys the mantle plume
(¢=935 Ma), overriding it by the subduction zone.



When the movement of the united continents slows
down, a slab appears behind them (=990 Ma).

Summarizing, we can conclude that the above-
discussed versions of the model taking into account
eclogitization of the oceanic crust and without eclogiti-
zation, show both different and common features
of development. Common phenomena are: the opening
of a new ocean; backrolling of the subduction zone
(t=845 Ma + 875 Ma); overriding the mantle plume
(see t = 875 Ma + 935 Ma); the emergence of slabs be-
hind the continents experiencing decelerated motions
(¢=990 Ma).

Some authors (e.g. [Yoshida, 2010, 2012; Magni et al,
2013]) do not take into account the buoyancy of the
oceanic crust and the basalt-eclogite phase transition
and consider this effect insignificant. One may assume
that the influence of buoyancy of such a thin (7 km)
layer of the oceanic crust material is insignificant.
However, our calculations show that the inclusion of
the basalt-eclogite transition effect in the oceanic crust
significantly alters the pattern of mantle flows and the
positions of continents. Moreover, the model with eclo-
gitization shows a new effect — bulging of heavy mate-
rial (eclogites, i.e. portions of the former oceanic crust)
at the mantle bottom. These bulges move along the
core-mantle boundary under the influence of the
mantle convection, in the direction from slabs to
mantle plumes. The process of their formation is con-
nected with local plumes: the ascending plumes collect
the material located on the bottom to the left and to the
right of them and causes bulging. In the models and
calculations that do not take the ‘basalt-eclogite’ transi-
tion into account, this phenomenon is absent.

Thus, our numerical experiments show that the
inclusion of basalt-eclogite transition in the model
considerably alters the evolution of mantle convection
with continents. Moreover, a new effect arises - bulging
of heavy material (eclogites, i.e. portions of the former
oceanic crust) at the mantle bottom. The bulging
forms several piles that are gradually brought upward
by the plumes and thus appear on the surface of
the Earth.

4. CONCLUSION

The main results of our numerical experiments in-
clude the following:

1. Our model of the two-dimensional mantle convec-
tion with non-Newtonian rheology in the presence of
deformable continents demonstrates and allows to
analyze all the basic elements of the modern theory
of floating continents: convergence and compression
of continents; the emergence of subduction zones;
stretching, breakup and divergence of continents;
opening and closing of the oceans; backrolling of sub-
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duction zones; overriding of hot plumes by moving
continents, and the recirculation of the oceanic crust in
the mantle.

2. The model with the parameters accepted for our
study shows considerable shortening (up to ~10 %)
and thickening of the continents during their collision,
as well as extension and thinning at other stages of
their evolution. Stretching takes place only in the con-
tinental region located above the ascending mantle
flow. The other regions of this continent may experi-
ence shortening in the same period of time.

3. When the moving continent slows down due to
continental collision, it becomes an obstacle to the sub-
horizontal mantle flow behind it, and a descending flow
(i.e. a new subduction zone) begins to form behind the
continent. The new subduction zone may occur either
at the edge of the continent or at some distance from
it. Thus, the model predicts the moment when a new
subduction zone arises.

4. The calculations based on the model with real pa-
rameters show that the continental crust does not sink,
while the oceanic crust, despite its positive buoyancy at
the surface, plunges into the mantle. This fundamental
difference between the continental crust and the oce-
anic crust is the basis of the dual modes (the difference
between continents and oceans) in the Earth geody-
namics.

5. The phenomenon of recirculation of the oceanic
crust in the mantle has been numerically confirmed. At
the same time, some part of the oceanic crust remains
attached to the continental margins for a long time.

6. The effect of buoyancy of the thin (7 km) oceanic
crust layer is significant. According to our calculations,
the effect of eclogitization is important for convection
in the entire mantle. The inclusion of basalt-eclogite
transition in the model show an additional new effect -
bulging of heavy material (eclogitized remnants of the
oceanic crust) at the core-mantle boundary, wherefrom
it can be transferred upward by the mantle plumes and
thus appear on the surface of the Earth.

Of course, the processes in reality are much
more complicated. In the future numerical experi-
ments, we plan to include new additional factors in the
model.
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