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INTRODUCTION

The development of this research area started with
the solution of the following applied problem, which
arose in 1972-1973 during the computerized construc-
tion of structural maps: how, in constructing maps of
deep poorly studied structural surfaces in the sedimen-
tary cover, should the topography of shallower well
studied surfaces be taken into account? The problem
was whether it is possible to find an operator linking the
topography of different structural surfaces in the sedi-
mentary cover. Veniamin P. Myasnikov posed the prob-
lem in a different way: let us first construct a geody-
namic model of the formation of sedimentary cover
structures, and this will allow us to determine the
parameters of a tectonic process from the topography of
well studied upper boundaries, after which the topogra-
phy of less constrained deep boundaries can be calcu-
lated. Simultaneously, he suggested that, for the solu-
tion of the inverse problem (the determination of
parameters of the model and the tectonic process), it is
possible to use any available geological and geophysi-
cal data, i.e., to perform an integrated interpretation. At
that time, in the early 1970s, with the low level of com-
puter technologies, this idea seemed too adventurous.
However, only a few years later, the first geodynamic
models were constructed, the theory of data inversion
based on geodynamic models was developed, and the
first practical results were obtained. In the present
paper, we present a review of the main results obtained
in this field of research, which was initiated and guided
for many years by Academician Myasnikov. We devote
this work to the memory of this remarkable man.

FORMULATION OF THE PROBLEM

The interpretation of geophysical fields, in particu-
lar, in studies of the lithosphere and upper mantle, is
usually carried out according to the following scheme.
A qualitative static model of the medium under study is
constructed on the basis of geological concepts and
data on physical properties of rocks and is then used to
determine the position and the geometry of regions dif-
fering in physical properties of the medium (density,
magnetization, seismic wave velocities, etc.). In this
approach, a large volume of information on the possible
mechanisms of the formation and evolution of the stud-
ied structures (such as qualitative tectonic schemes,
structural geology constraints on the time and patterns
of tectonic deformations, data on the history of tectonic
subsidence, etc.) remains unclaimed. At best, this infor-
mation is invoked at a qualitative level for the formula-
tion of interpretation models, but it is not used in the
interpretation process itself. It is known that the major-
ity of inverse problems based on separate geophysical
methods belong, according to A.N. Tikhonov, to the
class of conditionally correct problems. Regularization
methods successfully suppress various effects of insta-
bility and equivalence, but the most reliable and natural
way for achieving uniqueness and stability is the use of
additional information and an integrated application of
different geophysical methods.

To realize the approach based on geodynamic mod-
eling, one should first solve the forward problem of
geodynamics, i.e., construct a model describing the for-
mation of geological structures and inhomogeneities in
the distribution of physical properties that are reflected
in geophysical fields [Gordin et al., 1976, 1978;
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Mikhailov, 1976]. In the general case, this problem is
far from its solution. Indeed, the observed variations in
seismic wave velocities, density, magnetic susceptibil-
ity, and thermal conductivity are of different origins.
They can be caused by tectonic movements of different
scales and signs, various magmatic and postmagmatic
phenomena, physicochemical transformations, and
other factors. The mechanisms of the majority of these
factors and, particularly, their interrelations have not
been comprehensively studied, and, therefore, the con-
struction of appropriate models in many cases is a seri-
ous problem. As regards regional tectonic structures, it
is reasonable to assume that variations in physical prop-
erties are mainly due to tectonic processes displacing
and deforming rocks and to thermal fields. For this rea-
son, the thermomechanical problems could be solved
within the framework of continuum mechanics. How-
ever, this required the creation of a new class of geody-
namic models; these are the so-called evolutionary
models, describing variations in physical properties of
rocks and in the geometry of structures studied. In the
early 1970s, such models were extremely scarce
because, in most cases, problems were reduced to gain-
ing analytical or numerical estimates of the distribu-
tions of velocity or stress fields. In the next sections, we
consider the basic models that we used for the solution
of inverse problems.

Depending on the detail of a geodynamic model and
the available geological and geophysical information,
various interpretation schemes are possible. We con-
sider the following formulation of the problem, which
does not claim generality. Let a geodynamic model
describe the formation of one or several tectonic struc-
tures under study. This model specifies a correspon-

dence of the initial parameters of the medium (p? with
the characteristics of a tectonic process p;, on the one
hand, and the functions characterizing the present state

of a structure ¢; and its geophysical fields and the his-
tory of their development ;, on the other hand. The

functions (p? specify initial conditions: the position of
geological boundaries and the distributions of tempera-
ture, density, viscosity, elastic moduli, and so on. The
velocities of tectonic motions, the heat influx from
internal and external sources, and the processes of sed-
imentation and denudation are functions (p;) of coordi-
nates and time. They are mainly boundary conditions.

The present structure of the medium (the functions ;)

includes the topography of facial and stratigraphic
boundaries; the position of faults; the distributions of
seismic wave velocities, density, magnetization, and

. t . .
temperature; and so on. The functions y; are seismic,

gravity, and magnetic data; the heat flux; and data on
the evolutionary history (tectonic subsidence rates from
drilling data, fission track analysis constraints on the
time and rate of exhumation of rocks, data on the
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degree of alteration of hydrocarbons, and so on). The

. t . t
functions y; and some of the functions @, are known.

Some of the initial conditions (the functions (p? ) can be

specified a priori from general considerations or by the
analogue method.

An ideal formulation of the inverse problem would
be the determination of all unknown functions by min-
imizing the functional of misfits over all known func-
tions with regard for the system of restraints on the
functions and parameters to be determined. In practice,
this scheme has not been implemented so far. Actually,
the analysis of, for example, wave fields is such a time-
consuming problem that, even with modern computer
technologies, it is unlikely to become a part of the solu-
tion of the multidimensional minimization problem. A
preferable scheme is that of successive interpretation,
in which some of inverse problems are solved at the
first stage, without accounting for the restraints given
by the geodynamic model. For example, seismic data
are used to localize seismic boundaries and determine
the distribution of seismic velocities. As a result, some

of the functions ¢@; become determined. At the second
stage, the following inverse problem is solved:

2 a’l”\l]:, meas ‘I"i, calc
" (D

= min,

+ zBl"(pf_ (pi,apriori
i

where the first sum includes all known data that were
not used at the first stage of interpretation. The set of
functions @, , yieri includes both structural characteris-
tics of the media that were determined at the first stage
and a priori information (e.g., drilling data). Equation (1)
can be supplemented by restraints on the sought param-
eters derived from general geodynamic concepts (for
example, the maximum admissible velocity of tectonic
motions or the temperature) or by the conditions of
proximity to given distributions (for example, one may
require that densities determined from gravity data
agree with the distribution of seismic velocities deter-
mined at the first stage). If a solution consistent with the
available data and the geodynamic model cannot be
obtained at the second stage, it is possible to return to
the first stage and obtain another solution, changing the
initial assumptions or interpretation parameters.

A third stage is also possible in this scheme because
not all parameters of the model can be interconnected,
so that some parameters are not included in the equa-
tions of geodynamics. In particular, the magnetization
of rocks is not directly connected with the other charac-
teristics. Moreover, the observed magnetic field can be
produced by the distribution of magnetization in a layer
of an arbitrary configuration. Therefore, magnetic data
should be inverted separately, after the problem of the
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second stage is solved. Thus, in the integrated interpre-
tation of geological and geophysical data for passive
continental margins [Mikhailov and Trebina, 1988], the
solution of problem (1) was used to update the position
of the crystalline basement and the temperature distri-
bution. Based on these data, the upper and lower
boundaries of the magnetically active layer were deter-
mined and used at the third stage to solve the inversion
problem of magnetometry (see below). Now, we
address concrete examples of modeling and solution of
inverse problems in chronological order.

Evolutionary Models of the Lithosphere and Their
Application to the Solution of Inverse Problems

Initially, the approach under consideration was
implemented with the use of a model of sedimentary
cover deformation under the action of vertical move-
ments of the crystalline basement surface [Zanemonets
et al., 1976]. The sedimentary cover was modeled by a
two-layer linearly viscous incompressible medium in
the boundary layer approximation. An expansion in a
small parameter made it possible to obtain a system of
differential equations for the velocity field in the model
layers. A distinctive feature of this model is that it con-
verts the time evolution of the velocity field into the
time evolution of the boundaries of the geological sec-
tion. For this purpose, the following equation of motion
of a material boundary was used:

0z 07 _ .
E+U§)—C—W, 2)

i.e., it was assumed that the velocity of the boundary
always coincides with the velocity of its constitutive parti-
cles. Equation (2) is written for the plane case: (x, z) are
Cartesian coordinates, ¢ is time, and U and W are the
horizontal and vertical components of the velocity vec-
tor.

This geodynamic model was first used for an inte-
grated interpretation of seismic, gravity, and drilling
data for Volga—Urals structures [Gordin et al., 1976].
The problem was formulated as follows. It was
assumed that the topography of the structural boundary
z; nearest to the surface is known from seismic and
drilling data. The topography of deeper boundaries of
the sedimentary cover and the crystalline basement sur-
face was to be determined from data on gravity anoma-
lies under the assumption that there exists a deep bore-
hole specifying the number of sedimentary layers and
their asymptotes. Functional (1) included gravity
anomalies alone, but it was required that the calculated
upper boundary differ from z, by no more than a given
value. It is known that the gravity inversion problem on
the reconstruction of the topography of several contact
surfaces does not have a unique solution. However, in
this case, the topographies of all boundaries, from the
basement surface to the upper stratigraphic horizon z,,
were interrelated through the equations of the geody-
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namic model under the assumption that the topography
of sedimentary cover boundaries was produced by dis-
placements of the crystalline basement surface. This
formulation made it possible to reduce substantially the
dimensionality of the inverse problem, which resulted
in the uniqueness and stability of the problem. A similar
formulation of the problem was used in the interpreta-
tion of seismic and gravity data for the Puchezh—Katun’
meteoritic crater [Dabiza et al., 1979] in terms of a
relaxation model of large impact structures in the litho-
sphere—asthenosphere system.

The analysis of preliminary results obtained on the
basis of theoretical and practical examples showed that
the accuracy of the data inversion by this approach
mainly depends on how adequately the chosen geody-
namic model describes the real natural process. The
main factor restricting the application of the model
[Zanemonets et al., 1976] is its disregard for the sedi-
mentation and denudation processes, which are of key
importance for the solution of forward and inverse
problems for regional tectonic structures. A model
accounting for these processes was constructed in
[Mikhailov, 1983a], which significantly widened the
area of possible applications. The topography of the
upper boundary of the model was determined by the
equation

0z, dz, 9z,
5 Ty = Wi+ ¢(x,t) +kax2,

3)
where the subscript s designates the components of the
velocity vector on the surface of the model, the function
¢(x, ) specifies the rate of supply or withdrawal of
material, and the last term on the right-hand side deter-
mines the redistribution of the material over the surface
due to the processes of denudation and resedimenta-
tion. The type of the function @(x, f) is not prescribed.
For the well-studied sedimentary basins, it can be spec-
ified for various time intervals according to data on the
thickness of sedimentary layers. In the case of model-
ing passive continental margins [Mikhailov, 1983b,
1986], we assumed that the sedimentation rate expo-
nentially decreases with the distance from the coastline.
In these papers, two- and three-layer models of a lin-
early viscous lithosphere were examined in the bound-
ary layer approximation. To describe the process of iso-
static adjustment, a layer of an ideal fluid of a large
thickness (a half-space) was placed under the litho-
sphere. The resulting system of equations was used to
construct evolutionary models of large-scale platform
depressions (for example, the Donets Basin), passive
continental margins [Mikhailov, 1983b, 1986], and
other regional tectonic structures. In particular, it was
shown that some slow (relaxation) tectonic processes,
such as the evolution of passive continental margins in
the transition zone from the thicker continental crust to
the thinner oceanic crust, are controlled not only by
the dynamics of material motion in layers of the
lithosphere and asthenosphere but also by the processes
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of sedimentation and denudation. With the help of new
models, it was demonstrated that the isostatic compen-
sation for a surface load can be realized through not
only subsidence or uplift of the lithosphere but also
variations in the thicknesses of its layers. In particular,
a thickening of a sedimentary lens is accompanied by
extrusion of the material of underlying crustal layers
from under the sedimentary basin to its periphery. If
this factor is taken into account in studies of sedimen-
tary basins, the estimate of the lithosphere extension
decreases.

Models including the processes of sedimentation
and denudation have proven effective for the develop-
ment of the mathematical theory of paleotectonic anal-
ysis [Myasnikov and Mikhailov, 1983; Mikhailov,
1989, 1993b], enabling the reconstruction of tectonic
motion velocities from data on the thickness, age, and
facial composition of sedimentary layers. First of all,
the simultaneous reconstruction of the vertical and hor-
izontal components of the velocity vector was shown to
be nonunique if these functions are independent. If an
equation linking these two components is known or if,
for example, horizontal displacements in the region
under study can be disregarded, the vertical component
of the velocity can be found through the expansion in
orthogonal functions of coordinates and time, in partic-
ular, in the form of a Fourier series segment. This
reduces the problem to a system of linear equations,
and the velocities of tectonic motions can be obtained
for both sedimentation and erosion periods. The
method was applied to the analysis of the formation of
the Terek-Caspian trough [Mikhailov, 1993a] and the
Moscow basin [Mikhailov et al., 2006].

A large volume of new information, in particular,
data on the lithologic—facial composition of sedimen-
tary rocks, could be incorporated into the interpretation
of geophysical data in terms of the new models. Now,
we address an example of combined analysis of seis-
mic, gravity, and magnetic data, as well as data on tec-
tonic subsidence rates at passive continental margins
[Mikhailov and Trebina, 1988]. The solution scheme
was the following. In the geodynamic model used for
interpretation, the structure and evolution of the conti-
nental-oceanic lithosphere transition zone is deter-
mined by a set of parameters including the characteris-
tic vertical and horizontal scales of the structure stud-
ied; the densities and the effective viscosities of layers
of the sedimentary cover, crust, and upper mantle; and
the process duration (the age of the margin). Functional
(1) included the norm of the misfit between the calcu-
lated topography of sedimentary upper layers and the
available seismic data, as well as the norm of the devi-
ation of the calculated tectonic subsidence rate from its
actual value known from drilling data. It was also nec-
essary to adjust the amplitude and the characteristic
dimension of the calculated isostatic anomaly to their
observed values. The problem was solved along a pro-
file crossing the eastern continental margin of North
America. As a result, the contemporary configuration
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of all layers was calculated, including the basement and
Moho discontinuity surfaces, which are poorly known
from seismic data due to the large thickness of sedi-
ments and the presence of strong reflectors in them. The
data on the crystalline basement surface and the tem-
perature distribution were then used for the localization
of the upper and lower boundaries of the magnetically
active layer, which made it possible to estimate the dis-
tribution of magnetization from magnetic anomalies
with the help of the method described in [Gordin et al.,
1987]. Based on the comparison of the inferred magne-
tization distribution with the position of extension and
compression zones, the formation of the Brunswick
magnetic anomaly at the eastern margin of the United
States was associated with the emplacement of intru-
sive material into an extension zone on the inner (land-
ward) flank of the sedimentary basin after the rifting
stage. Note that basalts of two generations dated at
138-112 and 7540 Ma were discovered in drillcores at
the eastern continental margin of South America, which
has a similar structure. This confirms the conclusion
formulated on the basis of modeling results accord-
ing to which, although the major extension of the
lithosphere occurs at the rifting stage, the formation of
a sedimentary basin at the postrifting stage is accompa-
nied by additional extension significantly increasing
the depth of the basin.

The role of the sedimentation process was also stud-
ied using as examples the Gakkel Ridge [Mikhailov and
Timoshkina, 1993] and the subsidence history of the
Great Valley (California) lithosphere in the delta of the
Sacramento River [Mikhailov et al., 2007]. In the latter
case, the thermal regime and the subsidence history of
the forearc basin on the ~150-Ma oceanic lithosphere
was modeled. Here, it was necessary to model not only
the cooling of the oceanic lithosphere overlain by a
thick (up to 14—16 km) sedimentary cover but also the
thermal regime of the subduction zone, taking into
account time variations in the subduction rate and the
slab age. To describe the cooling and subduction of the
oceanic lithosphere, we used the model [Mikhailov and
Timoshkina, 1993] in which the crystallization heat of
a basaltic melt at the lithosphere—asthenosphere bound-
ary and a sedimentary layer thickening with time are
taken into consideration. The constructed thermal
model is in good agreement with data on the present-
day heat flux, the history of tectonic subsidence, and the
thermal alterations of organic matter of sedimentary
rocks. The inferred contemporary nonstationary tem-
perature distribution in the lithosphere was used for the
calculation of an yield strength profile. The strength
profile predicts the presence of a brittle layer in the
upper crust that can extend to a depth of 20 km or more.
This explains the presence of an anomalously deep (up
to 20 km) cluster of earthquakes in the area of the Sac-
ramento Delta. The depth of earthquakes does not
exceed 12 km in adjacent areas that differ in crustal
structure, sedimentary cover thickness, and heat flux.
Using the considered approach for joint analysis of
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seismic, drilling, and thermal data, as well as results of
plate tectonic reconstructions, the paper cited above
represents, in our opinion, an interesting example of the
application of a geodynamic modeling technique and
basin analysis to seismological problems.

Another example of application of this approach is
the analysis of global time variations in the gravity field
based on data of the GRACE satellites. As was shown
in [Mikhailov et al., 2004], temporal variations in the
gravity field related to earthquakes with magnitudes
greater than 9 (e.g., Chile, 1960, and Alaska, 1964) are
comparable with the uncertainties of gravity models
derived from GRACE data and, therefore, are not
always visually detectable. On the other hand, ground-
based data can generally be used to construct a model
of the displacement in an earthquake focus, for exam-
ple, with the help of the dislocation model in an elastic
half-space. The rupture zone is approximated by a set
of planes whose size, position, and slip amplitudes are
determined from geodetic data on the displacement of
the Earth’s surface. The following two problems were
examined in [Mikhailov et al., 2004]: (i) detection of a
gravity signal from an earthquake, provided that the
signal shape is known up to a constant (i.e., the evalua-
tion of the displacement in a source whose sizes and
position are known), and (ii) recognition of a satellite-
derived gravitational signal consistent with seismic
source models equivalent in their fit of seismological
and geodetic data. The statistical recognition procedure
proposed in the paper cited above is effective for the
solution of both problems. Diament et al. [2007]
applied this theoretical approach to the analysis of the
temporal variations in the gravity field due to the Anda-
man—Sumatra earthquake of December 2004. It was
shown that, together with a gravitational signal from
the displacement in the rupture zone, there exists a neg-
ative anomaly in the southern Andaman Sea that can be
related to a change in the density of rocks in the
lithosphere and mantle as a result of deformation (dila-
tancy) or to subsidence of this region as a result of the
earthquake. The estimated amplitude of subsidence is
+15 cm. The above problems could be solved due to the
integrated approach to the interpretation of ground-
based and satellite data within the framework of geody-
namic models.

An Evolutionary Model of a Rheologically Stratified
Outer Shell of the Earth

New possibilities in the modeling of geodynamic
processes and the interpretation of regional geophysical
data arose after the development of a thermomechani-
cal evolutionary model of a rheologically stratified
outer shell of the Earth adjusted to the hydrodynamic
model of the Earth’s evolution. The model includes the
lithosphere (consisting of the sedimentary cover, crust,
and subcrustal mantle), the asthenosphere, and a part of
the upper mantle below the asthenosphere. We consider
briefly the basic principles of the construction of this
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model; its details are presented in [Myasnikov et al.,
1993; Mikhailov et al., 1996a; Timoshkina, 1998].

To describe motions in the bulk mantle volume,
three characteristic parameters were introduced [Myas-
nikov and Fadeev, 1980]: the Rayleigh number Ra =
2oR3po/(KKgNo), the time of convective mixing of mate-
rial 7, = R?/(Ra'’k,), and the heat transfer rate v;, = R/t,.
Here, g, is the gravity acceleration; R is the Earth’s
radius; and py, 1, and ¥, are the mean density, viscosity
and thermal diffusivity of the mantle, respectively.
The following values were accepted for the main vol-
ume of the mantle: p, = 3 x 103 kg/m?, n, = 10?* Pass,
and x, = 10 m%s; hence, given R=6.4 X 10m and g, =
10 m/s?, we obtain Ra = 108. This allows us to introduce

the small parameter € = 1/ /\/R_a =~ 10™* and to obtain a
determining system of equations in the main volume of
the mantle after the introduction of dimensionless vari-
ables and the successive application of the expansion in
the small parameter to the Stokes equations.

The outer shell of the planet is considered as a ther-
mal boundary layer consisting of four layers of constant
viscosities:

_ boundary layer of the upper mantle with the viscos-
ity m, =M,

low viscosity asthenosphere, 1, = Jen;
high viscosity lithosphere, 1, =1/ JE ;

low viscosity sedimentary cover, 1, = Jen.

To obtain equations in the boundary layer in the
neighborhood of the mantle surface, a stretched vertical
coordinate (Z) is introduced. The origin of coordinates
in the boundary layer is placed under the asthenosphere

base: Z—Ry=(z—R)/ Jé , where R is the position of the
hydrodynamic radius in the boundary layer (stretched)
coordinate system. The concept of the hydrodynamic
radius is analogous to the concepts of the floating level
or the free mantle level, used in geodynamics. The sys-
tem of equations for the boundary layer is obtained
from the equations for the mantle after the introduction
of the stretched coordinate (the vertical velocity com-

ponent in this case is, accordingly, W = wh/f—:)

expanded in powers of Je =102 and the introduction
of boundary conditions at the outer and inner bound-
aries.

The adjustment of the solution in the boundary layer
to the solutions in the main volume of the mantle is of
basic importance. To do this, the method of splicing of
asymptotic expansions was applied [Myasnikov and
Savushkin, 1978]. According to this method, the fol-
lowing relation of asymptotic equivalence should be
valid near the model surface (z = R) for any function f

represented as an expansion in Je in the boundary
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layer (f) and as an expansion in € in the main volume
of the model (f'):

FO+ efV+ s
[ g af"
:[f +ﬁe,(z_R0)a—Z+...] ,

£€—>0,z=R

“)

where R, is the hydrodynamic radius of the Earth in the
stretched coordinate system.

The above conditions of the adjustment to the global
model yielded the conditions that must be satisfied in
the boundary layer and, in particular, the equation link-
ing the vertical and horizontal velocities at the base of
the boundary layer and the condition of global isostasy.

In the boundary layer model constructed, the layers
differ in density and effective viscosity, the sedimenta-
tion and denudation processes are included in the evo-
lutionary equation of the Earth’s surface, and the top
and the base of the asthenosphere can be either material
or rheological boundaries (in the latter case, they are
defined by a certain isotherm, typically yielding 1300-
1350° for the asthenosphere top).

The qualitative analysis of the inferred equations
and numerical calculations [Timoshkina, 1998] suggest
that violations of the mechanical and thermal equilib-
rium in the outer shell lead to the formation of circulat-
ing flows in the asthenosphere that persist for a long
time after the termination of the active stage, i.e., the
period of action of external tectonic forces. Based on
this model, the development of small-scale convection
could be examined for the first time in extension and
compression zones formed due to intraplate or mantle
effects.

To study the interaction between the lithosphere and
asthenosphere, we used the widely accepted scheme of
the development of tectonic structures, which includes
the following two stages. At the initial stage of active
tectogenesis a few million years long, intense deforma-
tion of the outer shell occurs (for example, extension or
compression by horizontal intraplate forces or by the
forces due to activation of the underlying upper man-
tle). Active tectonic processes lead to violation of the
mechanical and thermal equilibrium in the lithosphere—
asthenosphere system, which starts recovering at the
second, longer stage, mainly after the termination of the
action of external tectonic forces. It is important that,
although the viscosity of the lithosphere is four orders
of magnitude higher than that of the asthenosphere,
convective flows in the asthenosphere have a significant
effect on the lithosphere: extension zones form above
ascending asthenospheric flows, and compression
zones form above descending ones. As a result, subsid-
ence and uplift regions arise that, in combination with
the sedimentation and denudation processes, signifi-
cantly affect the structure and evolution of tectonic
units.

In the absence of external tectonic forces (the relax-
ation stage), the evolution of tectonic structures is
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determined by several factors, including the density and
temperature distributions in the outer shell, the width of
the extension or compression zones, and the intensity of
sedimentation and denudation. It is important that, if
the density in the asthenosphere does not decrease with
depth, small-scale flows maintain mainly the same
deformation pattern as at the active stage: small exten-
sion and low amplitude subsidence continue in exten-
sion zones, while compression and uplift persist in
compression zones [Timoshkina, 1998]. These effects
should be taken into account in the analysis of the for-
mation history of sedimentary basins and mountain
belts. Below, we present some new results obtained
within the framework of this model.

The relationship between the value of the initial
extension of the lithosphere and the thickness of a sed-
imentary basin is determined by the sizes of the exten-
sion region and by the intensity of small-scale convec-
tion in the asthenosphere. Although many works have
been devoted to the modeling of the lithosphere exten-
sion process, many aspects of this problem have not
been adequately studied as yet. In particular, the sedi-
mentation and denudation effects, as well as processes
related to the recovery of the mechanical equilibrium in
the lithosphere—asthenosphere system, have not been
analyzed in detail.

Now, we address the next example. We assume that,
at the initial time, the layers of the Earth’s outer shell
were horizontal and their thicknesses amounted to 0 km
for the sedimentary cover (older deposits are included
in the lithosphere composition), 100 km for the lithos-
phere (including the crustal layer 36 km thick), and
100 km for the asthenospheric layer. At the initial time
moment, the density within each layer depended only
on depth. The density of the newly forming sedimen-
tary layers was assumed to be constant (2.4 g/cm?) and
did not vary in time. The density of the crust increased
with depth from 2.7 g/cm? at the top to 2.9 g/cm? at the
base, the density of the subcrustal lithosphere was set
equal to 3.35 g/cm?, and the density of the asthenos-
phere increased from 3.35 g/cm? at its top to 3.36 g/cm?
at the base. The initial temperature distribution was
assumed to be stationary.

At the first (active) stage, 4 Myr long, the rate of
extension by external forces was specified in a way
ensuring uniform extension in a region 480 km wide
(the process modeling the formation of a backarc
basin). The maximum rate at the boundaries of the
extension region reached 7 mm/yr, and the overall
extension value over 4 Myr was 56 km, or about 12%.
In the extension period, the crustal thickness decreased
to 32 km and the depth of the resulting sea basin was
800 m.

At the first stage, during the extension, the thick-
nesses of the outer shell layers and the temperature dis-
tribution vary in such a way that the isotherms under the
extension region rise and the temperature distribution
becomes nonstationary. As a result, horizontal gradi-

No. 1 2007



8 MIKHAILOV et al.

Center of the extension zone 1

1320

£ 100
£
&
A
~150
~200

50

100 150

1200
1100
1000
900
800
700
600
{500
{400
1300
{200
100
—I50

200 250 300

Fig. 1. Small-scale convection in the asthenosphere 80 Myr after the termination of the phase of extension by intraplate forces. The
arrows indicate the direction of motion. The maximum arrow size corresponds to a velocity of 0.18 mm/yr. The white contours and
shades of gray show the temperature distribution: (/) sedimentary layer formed in the first 60 Myr after the termination of extension;
(2) sedimentary layer formed within the interval 60—80 Myr after the termination of extension.

ents of the lithostatic pressure arise in the lithosphere
and asthenosphere due to both variations in the temper-
ature of the layers (the model accounts for the temper-
ature dependence of the rock density) and the rock dis-
placement (since the rock density increases with depth,
the uplift or subsidence of layers in the process of
extension or compression disturbs the initial mechani-
cal equilibrium). As the disturbances increase, small-
scale convective flows persisting for a long time
develop in the low viscosity asthenosphere. The
motions are transmitted from the asthenosphere into the
lithosphere.

As noted above, the velocity and direction of con-
vective motions significantly depend on the initial den-
sity distribution over depth [Timoshkina, 1998]. In par-
ticular, in the example given in Fig. 1, the asthenos-
phere density increases with depth by 0.01 g/cm?. With
this density distribution, the asthenosphere material at
the relaxation stage rises under an extension region and
subsides on its periphery. This causes additional exten-
sion and subsidence in the sedimentary basin region
and small compression (uplift) near its boundaries.
Convective motions continue to affect the lithosphere
for a long time after the application of external forces,
although the motions become much slower: in the given
example, the maximum velocity of the motions at this
stage is 0.2 mm/yr.
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An important result of this study is the fact that a
considerable depth of the sedimentary basin (about
10 km) is obtained for a relatively small initial coeffi-
cient of expansion. This fact is of basic importance
because, in the widespread model of McKenzie [1978],
the observed thickness of a sedimentary basin is often
obtained with extension values that are appreciably
larger than the estimates derived from variations in the
crustal thickness or from reconstructions of systems of
listric faults (e.g., see [Ziegler, 1992]). This is due to the
fact that, in McKenzie’s model, extension occurs at the
initial (active) stage alone. At this stage, the velocities
of tectonic motions are high and the so-called synrifting
sediments are deposited in narrow grabens. The subse-
quent stage of slow thermal subsidence is due to cool-
ing of the lithosphere, whose temperature rose, due to
the extension, above the stationary value. At this stage,
the so-called postrifting sediments are deposited, and
their thickness in many cases is smaller than the esti-
mate obtained in this model from the observed value of
extension. Our model demonstrates that the extension
is partly produced by small-scale convection in the
asthenosphere developing after the termination of the
active stage. As a result, the required initial extension is
considerably smaller and the synrifting deposits
become thinner, but this leads to an increase in the
thickness of the postrifting deposits. Thus, in the above
example, the extension at the active stage was 12% and,
100 Myr after the termination of the active stage, nearly
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doubled in the deepest part of the basin. Since the
related strain rates were small, the additional extension
could mainly occur in the creep mode, without clearly
expressed faulting. (Here we should note that many
seismic profiles and outcrops fix ruptures that formed
much later than the termination of the active extension
stage.)

Figure 2 plots the subsidence curves for model
points at which, due to the small-scale convection, the
extension increased over 100 Myr to 21% (curve 2) and
24% (curve 1). The subsidence curve constructed from
the model of McKenzie [1978] with an initial extension
value of 30% (curve 3) and two subsidence curves
derived from drilling data of boreholes in the North Sea
[Sclater and Christie, 1980] (curves 4, 5) are also pre-
sented in Fig. 2. It is evident that the subsidence curves
calculated with regard for small-scale convection give
larger subsidence with smaller extension and agree bet-
ter with the data on the subsidence process of the North
Sea basin.

Formation of deep sedimentary basins in the conti-
nent—ocean transition zone. The horizontal dimension
of a convective cell is close to the asthenosphere thick-
ness. Therefore, if the trough is sufficiently wide, con-
vection in the asthenosphere involves not the entire
region of extension but only its periphery, i.e., the tran-
sition zone from the stretched lithosphere of the newly
formed sedimentary basin to the normal continental
lithosphere (see Fig. 1). As a result, the region of max-
imum subsidence of the sedimentary basin shifts
toward its periphery, forming there a deeper trough.
The structure of the upper part of the sedimentary cover
is shown in Fig. 3. As in the preceding example, the
subsidence is significantly larger than the thermal sub-
sidence in the model of McKenzie [1978], which makes
the depth of sedimentary basins at passive continental
margins (e.g., the western Atlantic margin) consistent
with the observed value of extension of the lithosphere
underlying these basins.

Formation of troughs on the periphery of compres-
sional orogens. Calculations show that the violation of
mechanical and thermal equilibrium in compression
regions of the continental lithosphere by the intraplate
forces leads to the formation of small-scale flows in the
asthenosphere beneath peripheral zones of the com-
pression regions [Mikhailov et al., 1999b]. These flows
produce additional compression in the orogen and
extension on its periphery, contributing to the formation
of foredeeps. Subsidence on the periphery of compres-
sional orogens is often related to elastic bending of the
lithosphere under the weight of a mountain structure,
but, in many cases, the topography effect is insufficient
for the creation of the observed trough. Therefore, for
many mountain structures, the presence of a so-called
hidden load, a positive density anomaly within the
crust, is assumed. For a number of mountain structures
(e.g., the Greater Caucasus), this assumption is unac-
ceptable because gravity anomalies are inconsistent
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Fig. 2. Subsidence curves for a sedimentary basin obtained
with regard for small-scale convection in the asthenosphere:
(1, 2) theoretical subsidence curves at points where the total
extension value amounted to 21 (/) and 24% (2); (3) model
of McKenzie [1978], with an extension value of 30%;
(4, 5) the BP 30/1-1 (4) and Montrose Amoco 22/18-2 (5) sub-
sidence curves for the North Sea [Sclater and Christie,
1980]. The subsidence depth in meters is plotted on the ver-
tical axis, and the time (in Myr) is plotted on the horizontal
axis.

with the presence of higher density inclusions in the
crust.

We have applied the evolutionary model of the outer
shell to an integrated analysis of data for the Northern
Caucasus [Mikhailov et al., 1999b]. The thicknesses of
outer shell layers, the distribution of physical properties
and temperature, the width of the compression region,
the amplitude of compression, and other parameters of
the model were chosen through their adjustment to the
present-day data on the structure of the mountains and
foredeeps and to the tectonic subsidence rates esti-
mated from logs of more than 100 boreholes
[Mikhailov et al., 1999a]. It is important that, in the
paper cited, the comparison of the main events in the
history of subsidence of Caucasus foredeeps with the
phases of tectonic compression and volcanism in the
North Caucasus region showed that uplift phases in a
foredeep corresponded to compression phases in the
orogen, and the subsidence periods, to noncompres-
sional phases. Precisely this pattern is obtained from
the evolutionary model of the outer shell, whereas the
model of elastic bending of the lithosphere predicts an
opposite correlation: the phase of external tectonic
compression is accompanied by thrusting of the orogen
over the foredeep region and, as a consequence, by the
subsidence of the latter.

Application of geodynamic modeling to the numeri-
cal estimation of crustal stresses. We restrict ourselves
to the 2-D variant of the problem. For example, let a
model of deep structure and the depth distribution of
physical properties be obtained from integrated analy-
sis of geological and geophysical data gathered on a
certain seismic profile. Using these data, stresses can be
numerically estimated under certain boundary condi-
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Fig. 3. Structure of sedimentary layers on the periphery of a wide sedimentary basin for the example shown in Fig. 1. The numbers
indicate sedimentary layers formed in the first 60 Myr after the termination of extension by intraplate forces (layer /) and in the

intervals 60—100 Myr (layer 2) and 100-160 Myr (layer 3).

tions, i.e., tectonic forces applied to the lateral bound-
aries (intraplate forces) and the base of the model (man-
tle forces). However, the existing qualitative ideas on
the type of the acting tectonic forces preclude the spec-
ification of numerical values for boundary conditions.
On the other hand, data on recent vertical and horizon-
tal crustal movements, including geodetic (GPS) and
neotectonic evidence, remain unclaimed. These data
can be used for solving the following inverse problem:
the boundary conditions in the chosen structural model
of a certain region of the lithosphere (defined at its lat-
eral boundaries and the base) are set in such a way that
the velocities of surface movements are close in their
norm in the chosen metric to velocities known from
geodetic and/or neotectonic constraints. If the bound-
ary conditions are represented as an expansion over a
system of basic functions, the inverse problem reduces
to the determination of the corresponding expansion
coefficients. This approach was proposed and realized
for the first time for a profile crossing the Kola Penin-
sula [Kolpakov et al., 1991]. At present, this approach
has been applied to the estimation of stresses in a num-
ber of regions on the basis of data from profiles cross-
ing the Black Sea and the Crimea, the Beaufort Sea, the
Greater Caucasus and the North Caucasus region (the
region of the Azov-Kuban and the Terek-Caspian
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troughs and the Stavropol uplift), the Lesser Caucasus,
and the South Urals (see the bibliography in [Smolyan-
inova et al.,, 1996, 1997; Mikhailov et al., 2002a,
2002b]).

In particular, the crustal structure for the South
Urals was specified from the data of the Urseis profile,
and the density distribution, from the results of inter-
pretation of gravity anomalies. The distribution of
mechanical parameters was determined on the basis of
yield strength diagrams calculated from data on the
composition of rocks and the temperature distribution
in the crust. In order to set boundary conditions, we
used the amplitude of vertical movements at the neotec-
tonic stage. As a result, it was shown [Mikhailov et al.,
2002b] that the present-day topography of the South
Urals could have formed due to simple intraplate com-
pression, while the strain distribution was determined
by the heterogeneous crustal structure and temperature
distribution. It is important to note that the numerical
model predicts decoupling of the rigid layers in the
upper crust and the lower crust layers, separated by the
layer of the middle crust, where creep deformation
occurs. Maximum strains in the upper crust concentrate
in the Main Ural fault zone; in the lower crust, they are
displaced by 70 km to the west and are fixed beneath
the Western Ural uplift. It is precisely in this region that
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a jump in the Moho discontinuity was discovered (the
so-called Makarovskii fault), which is not traceable
toward the surface and has no signatures in the structure
of the upper part of the geological section [Mikhailov
et al., 2001].

CONCLUSIONS

This paper presented a review of studies performed
mainly by IPE RAS researchers in the field of the the-
ory and practice of geological and geophysical data
interpretation within the framework of geodynamic
models. In our opinion, the results obtained thus far
have revealed a great potential of this research area,
whose development is inseparably linked with
Veniamin P. Myasnikov.
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