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Governing Equations
Model domainΩ = (0, x1 = l1)× (0, x2 = l2)× (0, x3 = h), t ∈ (0, ϑ).
Momentum equation

−∇P + ∇ · (µ[∇u + ∇u
T ]) + RaTe3 = 0,

Continuity equation ∇ · u = 0, x ∈ Ω;
Backward regularized heat equation

∂T

∂t
− u · ∇T = −∇

2T − β∇4T

State equationµ = exp[Q/(T + G) + Q/(0.5 + G)], Q = 225/ ln(r) +
0.25 ln(r), G = 15 ln(r) − 0.5, R = 20
Herex = (x1, x2, x3), u = (u1, u2, u3), t, T , P , andµ are the dimen-
sionless Cartesian coordinates, velocity, time, temperature, pressure,
and viscosity, respectively;ϑ is the present time;e = (0, 0, 1); ∇ is the
gradient operator;∇· is the divergence operator; The Rayleigh number

Ra = αgρ∗T∗h
3

η∗κ , Length, temperature, and time are normalized byh,

∆T , andh2κ−1, respectively.

Boundary and Initial Conditions
At model boundaries, impenetrability condition with perfect slip

u · n = 0, ∂uτ/∂n = 0, x ∈ ∂Ω;

Zero heat flux through the vertical boundaries∂T
∂n

= 0
Isothermal upper and lower boundariesT = Tup, x3 = h, T = Tbm,
x3 = 0,
Additional boundary condition:∂

2T
∂n2 = 0

At initial time T (x, ϑ) = T ∗(x).

3-D thermal shape of the Vrancea slab and contemporary flow induced
by the descending slab beneath the SE-Carpathians. Upper panel: top
view. Lower panel: side view from the SE toward NW. Arrows illustrate
the direction and magnitude of the flow. The surfaces marked by blue,
dark cyan, and light cyan illustrate the surfaces of0.07, 0.14, and0.21
temperature anomalyδT , respectively, whereδT = (Thav − T )/Thav,
and Thav is the horizontally averaged temperature. The top surface
presents the topography, and the red star marks the locationof the
intermediate-depth earthquakes.

Temperatures derived from P-wave velocity anomalies beneath the SE-
Carpathians at different depths in the mantle. The composition, an-
harmonicity, anelasticity, and partial melting are taken into account.
Isolines present the surface topography. Star shows the location of the
Vrancea intermediate-depth earthquakes.

- to restore the temperature evolution in the mantle;
- to reconstruct the history of movements of continental plates;
- to find a density distribution of the mantle in the geological past and
to compare the observed and modelled amounts and rates of ”true polar
wander”.

Numerical method and Solvers
• To solve numerically Stokes and continuity equations, a twocom-

ponent vector velocity potential is introduces to replace the vector
velocity and the pressure in these equations. To compute theve-
locity potetntial, the Eulerian Finite Element Method withtricubical
B-splines basis is emploed (A.Ismail-zadeh at al., 2001)

• Temperature in the heat equation is approximated by Finite Dif-
ferences and found using the semi-Lagrangian method.

• Numerical codes were designed for parallel performance.

• To solve models of crust/mantle flow, slot[ϑ1, ϑ1] is divided into
m subslot. At each time subslot

• set of linear algebraic equations is solved by the conjugate
• gradient method in order to find the vector velocity potential;
• velocity is determined from the vector potential;
• the backward regularized heat equation is solved at decreasing
regularization parameter b until the difference between two adja-
cent solutions are smaller than the prescribed value.

Computations
The numerical simulation was
performed at supercomputer
”Uran” (Institute of Mathematics
and Mechanics UB RAS, Yekater-
inburg, Russia). For visualisation,
we develop a module for the open
source visualization application
ParaView.

TABLE. Model parameters and values

Parameter Symbol Value
Horizontal dimensions l1, l2 (l1 = l2) 1005 km
Depth of domain h 670 km
Acceleration due to gravity g 9.8ms−2

Reference temperature Tref 2000 K
Surface temperature Tsurf 300 K
Temperature drop T = Tref − Tsurf 1700 K
Thermal expansivity α 3 · 10−5K−1

Thermal diffusivity κ 10−6m2s−1

Reference density ρref 3400kgm−3

Present time ϑ 22 Myr
Reference viscosity µref 1021 Pa s
Rayleigh number Ra 5.2 · 105

Publications
• Korotkii A.I., Tsepelev I.A. Direct and inverse problems ofhigh-

viscosity fluid dynamics //Automation and Remote Control. 2007.
Vol .68. No. 5. P. 822-833. (DOI:10.1134/S0005117907050098).

• Ismail-Zadeh A.T, Korotkii A.I., Naimark B.M., Tsepelev I.A.
Three-dimensional numerical simulation of the inverse problem of
thermal convection //Comput. Math. and Mathem. Phys. Vol. 43,
P. 587-599 (2003).

• Ismail-Zadeh A., Korotkii A., Schubert G., Tsepelev I. Quasi-
reversibility method for data assimilation in models of mantle dy-
namics //Geophysical Journal International. 2007. Vol. 170. Issue
3. P. 1381-1398 (doi:10.1111/j.1365-246X.2007.03496.x).

• Ismail-Zadeh A., Schubert G., Tsepelev I., Korotkii A. Three-
dimensional forward and backward numerical modeling of man-
tle plume evolution: Effects of thermal diffusion //Journal of
Geophysical Research. 2006. Vol. 111. N B6 (B06401,
doi:10.1029/2005JB003782).

Talks
• Ismail-Zadeh A., Korotkii A., Schubert G., Tsepelev I. Dataas-

similation in mantle dynamics // The General Assembly of theEuro-
pean Geosiences Union. 24-29 April 2005 Vienna, Austria.

• Ismail-Zadeh A., Korotkii A., Schubert G., Tsepelev I. Numeri-
cal reconstruction of the initial temperature of diapiric structures in
the Earth: effect of the heat diffusion // The InternationalConfer-
ence ”Third M.I.T. Conference on Computational Fluid and Solid
Mechanics” 14-17 June 2005, Cambridge, USA.

• Ismail-Zadeh A., Korotkii A., Tsepelev I. On an inverse problem
of thermal convection // The 63rd Annual Meeting of the German
Geophysical Society. 23-28 February 2003, Jena, Austria.

• Ismail-Zadeh A., Tsepelev I., Korotkii A., Schubert G. Assimi-
lation of the present crust-mantle temperature to the geological past
// General Assembly of the European Geosiences Union, 2-7 April
2006, Vienna, Austria,

Data assimilation in geodynamical models can be defined as the in-
corporation of geophysical observations at present and initial physical
conditions in the past into a dynamic quantitative model to provide time
continuity and coupling among the geophysical fields (e.g.,tempera-
ture, velocity).

Thermal evolution of the descending Vrancea slab since the Miocene
times. Temperature anomaliesδT are presented in the NW-SE vertical
section (see the upper panel for the section’s location). Circles show
the location of the passive markers incorporated in the numerical model
to display the slab movement. The white circle presents the location of
the modeled subduction zone.

Snapshots of the 3-D thermal shape of the Vrancea slab and pattern of
mantle flow beneath the SE-Carpathians in the Miocene times.

Maximum shear stress beneath the SE-Carpathians at different mantle
depths. Isolines present the surface topography. Star marks the location
of the Vrancea intermediate-depth earthquakes.

Conclusions
Using data assimilation we have shown that the geometry of the mantle
structures changes with time, diminishing the degree of surface curva-
ture of the structures. Like Ricci flow, which tends to diffuse regions
of high curvature into ones of lower curvature (Hamilton, 1982; Perel-
man, 2002), heat conduction smoothes the complex thermal surfaces
ofmantle bodieswith time. Present seismic tomography images of man-
tle structures do not allow definition of the sharp shapes of these struc-
tures. Assimilation of mantle temperature and flow to the geological
past instead provides a quantitative tool to restore thermal shapes of
prominent structures in the past from their diffusive shapes at present.
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