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THREE-DIMENSIONAL DENSITY MODEL OF THE MANTLE BENEATH
THE UKRAINIAN SHIELD

Purpose. Mantle density models are key tools for understanding the fundamental geological and physical processes occurring
within the Earth and are essential to our scientific and applied understanding of the planet.

Methodology. The tasks were solved by a complex research method, including analysis and generalization of literary and patent
sources, analytical, experimental studies, using computer and mathematical modelling methods.

Findings. One-dimensional models simplify the mantle density distribution by assuming that it is uniform only in the vertical
direction. This limitation does not allow for horizontal variations in mantle density, which may be important on a regional scale.
3D models are more complex and require more data and computational resources, so their use may be limited. In this study, we
present a quasi-three-dimensional model of mantle density beneath the Ukrainian Shield. This 3D model is obtained using a basic
set of one-dimensional seismic tomographic velocity models calculated for 21 mantle domains in the depth range from 50 to
2,600 km. The process of converting the P-wave velocity model into a density model includes the following stages: 1) determining
seismic boundaries in the mantle based on P-wave velocity curves for each mantle domain; 2) creating a synthetic mantle model
beneath the Ukrainian Shield for the P,S-wave velocity curves; 3) solving the Adams-Williamson equation for each domain, con-
sidering polynomial corrections to extract heterogeneities during its solution; 4) analysing existing models by comparing the cal-
culated gravitational potential at the central point of the Ukrainian Shield as the standard reference for selecting one of 5 reference
models. Here, we focus on the final stages of constructing the mantle density model by: 1) balancing the mass of the upper and
lower mantle for each domain when determining density using the Adams-Williamson equation and introducing polynomial cor-
rections; 2) calculating densities for each of the 21 mantle domains and their 3D integration.

Originality. The obtained mantle-density model of the Ukrainian Shield aligns well with the division of the mantle into three
main layers: lithosphere, upper mantle, and lower mantle. Each of the mantle’s structural layers has its representation pattern in
density heterogeneities. Anomalies of decreased density in the lithosphere of the Ukrainian Shield correlate with thermal anoma-
lies, whereas anomalies of increased density correspond to tectonic zones dividing its megablocks.

Practical value. Regions of increased density gradient are associated with mantle thrust faults, which in some cases can be
boundaries between different petrological formations and serve as channels for magma ascent into the Earth’s crust at certain

stages of geological development of the Ukrainian shield and, in turn, be sources of minerals.
Keywords: Ukrainian Shield, mantle, Adams-Williamson equation, density, 3-D model

Introduction. Since the end of the last century, research
has enhanced the detailed knowledge of the Earth’s internal
structure. Modern models are based on seismic tomographic
data, which have been used to construct global seismic tomo-
graphic maps reflecting seismic heterogeneity of the Earth’s
interior at different depths in the mantle [1]. However, the
question on whether using a single one-dimensional reference
model of the Earth is suitable for reconstruction of the mantle
structure under continents, oceans, platforms, folded areas
and other large geotectonic structures has not yet been re-
solved. Thus, research questions remain open: which model
should be chosen for the reconstruction of different regions?
How should the reconstructions that use several one-dimen-
sional reference models be coordinated? Geophysicists also
have to solve the issues related to the sphericity of the Earth
when (i) choosing its mediated structure and determining the
level of detail of the model [2], (if) accounting for velocity an-
isotropy [3], (iif) using common and consistent P- and S-wave
data [4] and (iv) recalculating seismology data into the Earth
density model [5]. These questions concerning mantle density
are being studied actively.

In particular, there is active investigation to discern the
structure of the mantle beneath the Ukrainian Shield. Previ-
ous studies present the preliminary stages necessary for the
conversion of quasi-three-dimensional P-velocities into man-
tle density. Data from seismic tomographic kinematic meth-
ods was used to recalculate data on P-wave velocities in the
mantle beneath the Ukrainian Shield [6]. P-wave velocities
data served to determine seismic boundaries in the mantle us-
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ing the first derivative of the P-velocity depth curve, v,(z) [7].
Each of these curves represents a distinct mantle domain lo-
cated beneath the Ukrainian Shield. Further studies con-
structed a synthetic S-velocity model that is collinear with the
original P-velocity model and remains within the error range
of the kinematic seismic tomography method. Density hetero-
geneity obtained from the Adams-Williamson equation solu-
tion has been resolved by developing a method of polynomial
corrections [8]. These corrections were calculated for refer-
ence models [9]: PREM, PEMA, PEMC, AK135 and IASPI1.
The reference model AK135, which was constructed from the
gravitational field of a point potential at the shield’s center
[10], can be considered the reference for the Ukrainian Shield.

Recognizing that it is currently unfeasible to simultane-
ously address all issues associated with Earth’s density models,
this investigation examines the following matters: 1) convert-
ing 21 P- and S-velocity curves of mantle domains of the
Ukrainian Shield into density using the Adams-Williamson
equation and polynomial adjustments for heterogeneity on in-
tervals identified by seismic boundaries within the depth range
of 50—2,600 km (the aggregate of resultant density curves
comprises a quasi-three-dimensional model); 2) appropriately
linking the obtained model with the masses of the upper and
lower mantle.

The aim of this study is to construct a density model be-
neath the Ukrainian Shield. To this end, we propose a new set
of methods (approaches) for a (step-by-step) construction of a
three-dimensional (quasi-dimensional) model of mantle den-
sity beneath the Ukrainian Shield. The proposed model has
been obtained as a result of the solution of several problems,
imposed both by the initial data and, to a large extent, by the

12 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, N° 2



limitations of the theoretical and practical aspects of the con-
struction of density models. We first explain the methodology
to derive these models, which equally apply to both one-di-
mensional density calculation problems and to their multidi-
mensional variants. Next, we present the obtained 3D density
model from depths ranging from 50 to 2,600 km. We then dis-
cuss the accurateness of our model with respect to other exist-
ing models. We finally conclude that the density anomalies
beneath the Ukrainian Shield correlate with deep mantle in-
homogeneities.

Methods. Theory. The presence of two types of waves with
different front propagation velocities, compression — longitu-
dinal — and shear — transverse — in a homogeneous isotropic
medium was proved by Poisson. This is a consequence of the
fact that there are no rotating particles in the compression-
tension waves, and shear waves are not accompanied by a
change in volume. The dependence of seismic velocities on
density underlies the analytical Poisson solution for the wave
equation in two-dimensional Euclidean space. According to
the theory of elasticity, at small deformations, particle motions
represent elastic waves. In a homogeneous boundless medium,
the equation of elastic wave propagation is described as fol-
lows. Let us denote by X, Y, Z the components of external
mass forces acting on a volume element, 6V. The forces, ac-
cording to Dalembert’s principle, are proportional to the ac-
celerations, i.e., to the second derivatives of the displacement
components in time. The volume element is in equilibrium,
which for any stress fields in the case of isotropic medium is
written in the form
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are displacement fields caused by bulk forces at time 7= 0, in

general under different conditions, and A, p are elastic moduli

or Lame coefficients.

In the absence of external forces, i.e., when only inertial
forces arising during steady-state oscillatory motions act, X =
= Y=7=0. In this case, two fundamental equations can be
obtained by formal transformations
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Equation (2) describes the propagation of longitudinal
(compression) waves and (3) describes transverse (shear)
waves. The P- and S-velocities, v, and v,, respectively, are ex-
pressed in terms of elastic parameters and density as

A+2
v, = /% vs=\/g. )

One of the Lamé coefficients is the shear modulus, p =
=(AF/A)/(AL/L), i.e., the ratio of a transverse deformation —
specific shear force in cross section A — to longitudinal defor-
mation (shear AL by length L). The other coefficient is related
to the bulk modulus, K = AP/(AV/V), i.e., the ratio of the
change in hydrostatic pressure AP to the compression of a
given volume V as

r=K-(2/3)u. ®)

The P- and S-wave velocities are expressed as a function of
the bulk and shear moduli as
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Combining the P- and S-wave velocities from Equation
(6), the seismic parameter F can be obtained as
K_, 4,
—=v:——v:=F. 7
o V3% (7)
From the definition of the bulk modulus, and taking into
account that density changes are directly proportional to vol-
ume, K=AP/(Ap/p), and considering (7) yields
AP
F=—. ®)
Ap
If we assume that the change in pressure depends only on
the weight of the overlying layer of thickness 4/, then,

AP=pgAl, )
or
ApF = pgAl, (10)

where g is the gravity force. Passing from finite increments to
infinitesimal ones, we obtain the Adams-Williamson equation

dp__sp

d F’

P- and S-wave velocities. Problem definition and its solu-
tion arise from the nature of the used initial data. Our input
data are the seismic tomographic P-velocity model for the
mantle beneath the Ukrainian Shield [6], which we want to
reconvert into a density model. The P-velocity model was
constructed taking into account the known crustal thicknesses
and using the kinematic method based on the solution of the
seismic problem by decomposing the slowness function into a
Taylor series [11]. The obtained solution of the seismic tomog-
raphy problem represents the exact lower boundary with re-
spect to the solution obtained by the classical linearization
method and contains fewer limitations on the velocity func-
tion. The method does not depend on the choice of the initial
approximation (one-dimensional reference model) and is cor-
rect according to Tikhonov. The model itself represents a set of
one-dimensional curves of the P-wave velocity with depth,
v,(z), characterizing some volume of the petrophysical medi-
um, the size of which depends on the sampling window of the
P-phase seismic wave first arrival times in the midpoint for-
mat, i.e., the data for the hodograph. The inversion of the
hodograph gives the solution v,(z) as a smooth, non-decreas-
ing function, with the constant velocity function inside the
waveguide (if any), and calculated from the velocity values at
the upper and lower boundaries of the waveguide. This smooth
and non-decreasing representation of the velocity function
v,(z) carries information about the layers and seismic bound-
aries in an implicit way. Seismic boundaries were determined
from the kinks in the first derivative of v,(z). The obtained re-
sults demonstrate that the mantle beneath the Ukrainian
Shield in the depth interval of 50—2,600 km has a layered
structure, with depth-varying layers whose morphology is cor-
related with large tectonic units and has significant deviations
from all known seismic boundaries of Earth reference models
(AK135, PREM, IASP, PEMA, PEMC). The main obstacle
for using this velocity model for the calculation of the density
and other physical parameters of the mantle, like temperature
and viscosity, is the availability of velocities of P-waves. Since

an

4
the Adams-Williamson equation (10), F =(v12, —gvszj and,

thus, the seismic velocities v, and v, should be known.

To recalculate the P-velocities into S-velocities, we follow
the approach proposed in [4]. It has been shown that if the
ratio v, /v, is recalculated using the arithmetic mean of five ref-
erence seismological models, the obtained synthetic S-veloci-
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ty model has acceptable deviations, which are comparable to
the resolution of the method used to produce it, i.e., the kine-
matic Taylor approximation of the seismic problem solution.
The calculated velocity errors from determining the maximum
depth of the refracted apparent ray are of the same order as the
deviations for one-dimensional reference models (v, — vy)),
where vs is the velocity value from literature and vs1 is the ve-
locity value obtained by conversion and are much lower than
the error of 0.1 km/s, which can be achieved by other seismic
methods [12]. That is, the synthetic S-velocity model obtained
by recalculation of the P-velocity model has the property of
commensurability with the original model, which gives advan-
tages in accuracy for further joint use of two collinear models
(P, S) during transformations into petrophysical (physico-
lithological) models of the mantle.

1D density model. When both P and S velocities are avail-
able, it is possible to calculate the mantle density by using the
Adams-Williamson equation (10). This calculation is feasible
under some imposed restrictions, namely, the Earth has a ho-
mogeneous composition, the pressure builds-up in the Earth’s
mantle according to the hydrostatic law, i.e., the pressure in-
creases Ap as the depth increases by Ar (r is the sphere radius),
and it is equal to the weight of the substance of this layer per
unit area. That is, the material compression under the action of
gravity forces is prevented mainly by elastic forces, i. e., Hooke’s
law is valid. (10) includes the seismic parameter F, which is a
function of the already known seismic velocities v,and v,

Using the Adams-Williamson equation, we obtain a den-
sity model for the homogeneous Earth’s mantle, which is far
from reality. The densities according to the five reference man-
tle models (AK135, IASP91, PREM, PEMA, PEMC) ob-
tained using the Adams-Williamson equation were considered
by Shumlianska and Pigulevskiy [8]. It has been shown that
the differences between the densities are significant and a solu-
tion was proposed to obtain the first approximation of the den-
sity values p(v). Comparing a homogeneous model after Ad-
ams-Williamson equation by data from one reference model
(AK135, IASP91 PREM, PEMA, PEMC, digital data on
models taken from the IRIS website and the “real” heteroge-
neous values, the following reference model was made [8]:

1. The Adams-Williamson equation (10) provides a solu-
tion for a homogeneous model of the Earth. We calculated the
density using the Adams-Williamson equation with input data
(Vp» Vs po — initial density) from reference models (PREM,
PEMA, PEMC, TASP91, AK135), and obtained correspon-
ding p 4., values for each model.

2. The density p 4. was approximated using polynomials
within seismic boundaries for each model.

3. Density data (p) from reference models were also ap-
proximated on the same intervals as p 4 at the specific site.

4. The polynomial correction of heterogeneity is deter-
mined by the variation between the polynomials (p — p ) in
each interval within the seismic boundaries.

The density distribution in a one-dimensional model
within a single layer, bounded by seismic boundaries, is de-
scribed by a linear function of the form p(z) = p, + k(z), where
p(z) represents the density value at depth z, p, represents the
density value at the upper point of the layer (note that the up-
per point of one layer simultaneously serves as the lower point
for the layer above it) and & is the angular coefficient, which
determines the density variation with depth.

Method for selecting an optimal reference model. The total
contribution of the spherically symmetric layers of the Earth to
the total gravity field in the centre of the Ukrainian Shield at
the point 31.5 E and 48.5 N is 981,658.94 mGal. The gravimet-
ric database [10] was used to calculate the total gravitational
field. For the core, the value of the gravitational effect was de-
fined as 367,131.8 mGal. The gravitational effects from the up-
per and lower mantle were calculated using the data obtained
from the five reference models (AK135, IASP91, PREM,
PEMA, PEMC), adding the values for the crust at the point of

calculation according to the data on the density of the crust of
the Ukrainian Shield given by Svistun, et al. [10], Kurlov, et al.
[13], Azarov, et al. [14, 15], Antsiferov, et al. [16, 17]. By com-
parison of the total amount with the value of 981,658.94 mGal,
it was found that the value of the total gravity field calculated
using the AK135 model has the smallest deviation.

Calculation of the 3D density model. We propose a method-
ology to recalculate synthetic P and S velocity three-dimen-
sional models into density values, and we apply the proposed
methodology to the mantle beneath the Ukrainian Shield. The
calculation of the synthetic P- and S-velocity three-dimen-
sional model was carried out according of the method de-
scribed [4]. The calculation into density values will be done by
making polynomial corrections for heterogeneity. The AK135
reference model is chosen as the “initial” model for the mantle
beneath the Ukrainian Shield.

The calculation of the density model consists of several
stages, which are briefly formulated below:

1) determination of the seismic boundaries by the inflec-
tion points of the first derivative of the velocity curves v,(z)
from the seismic tomographic model of the mantle beneath
Ukrainian Shield [6]. This is a quasi-3D model, represented
by a set of one-dimensional velocity curves obtained by solving
the seismic problem by the method of kinematic approxima-
tion [11];

2) calculation of the synthetic S-velocity model using the
P-velocity model, which has the property of commensurability
(proportionality) with the original model, giving advantages in
accuracy when the two collinear models (P, S) are used to-
gether for conversion to the density mantle models [4];

3) calculation of one-dimensional density curves by solv-
ing the Adams-Williamson equation, using P and S velocity
values for each mantle domain beneath the Ukrainian Shield
as input data;

4) transformation of the obtained density curves represent-
ing one-dimensional, homogeneous models of different man-
tle domains using polynomial corrections from reference
model AK135, which is selected as optimal for modelling
mantle density beneath the Ukrainian Shield [8].

The Adams-Williamson equation (10) for the first iteration
step requires initial density parameters p,. The initial densities
at the 50 km level were provided by Kurlov, et al. [13], Azarov,
et al. [14, 15], Antsiferov, et al. [16, 17].

Seismic boundaries of mantle beneath the Ukrainian
Shield vary with depth and do not follow boundaries for the
AK135 model. Significant depth variations of seismic bound-
aries are also known and recorded by other seismological
methods.

The calculated density results are checked for compliance
against the AK135 reference model. The mass of the upper and
lower mantle is calculated from the obtained density results.
The masses are compared with the corresponding masses in
the AKI135 model. Corrections are made as the arithmetic
mean value separately for the upper and lower mantle if there
is an excess or deficiency of mass in the experimental model.
The formula for calculating the mass, m, is the following sys-
tem of equations

pIr=an=p(r)=Ap=p(N+G=—"25— " |,

m(r — Ar) = m(r)— Am = m(r) — 4np(r)r’Ar

where p is density; Ap is an increment of density; m is the mass
of the Earth; Am is an increment of the mass; r is the radius of
the Earth; Aris an increment of the layer thickness; G is the
gravitational constant.

The same calculation must be done for the reference mod-
el AK135. The differences between the masses of the upper
mantle according to the AK135 and the masses from density
curves constructed for each of the domains of the Ukrainian
Shield are introduced as a correction. It is calculated separate-
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ly for each of the experimental curves as an average over the
whole section above from the upper mantle boundary. Fig. 1
shows an example of the procedure of mass corrections for a
density curve which is constructed for the upper mantle do-
main with a midpoint coordinate of 31.5E and 48.5N. It can be
seen that we are able to preserve individual features of the ini-
tial P-velocity curve while keeping the mass balance in accor-
dance with the reference model AK135. These operations are
performed for each of the mantle domains beneath the Ukrai-
nian Shield.

Results. The obtained results are presented as a set of one-
dimensional density curves for each of the mantle domains
beneath the Ukrainian Shield, calculated in the depth range of
50—2,600 km, with a step of 25 km. The results of the density
calculations are presented in the form of horizontal sections
for depths from 50 to 1,500 km (Fig. 2).

In spite of the direct relationships between the solution of
the Adams-Williamson equation and the initial density values
chosen for the first iteration, we manage to eliminate such a
dependence by applying subsequent transformations as de-
scribed above. We obtain a three-dimensional density model
that corresponds to (is collinear to) the initial P-velocity mod-
el. Fig. 2 shows a variation with depth of the mantle density
beneath the Ukrainian Shield. Its comparison with the 75 km
section, where densities are calculated according to the P-ve-
locity model, shows a significant difference in the geometry of
anomalies, which reflects the heterogeneity beneath different
tectonic units of the Ukrainian Shield. Considering the sec-
tions 75—200 km, which depict the lithosphere structure, we
note that at these depths the general geostructural plan of the
Ukrainian Shield is broken by a submeridional zone in its cen-
tral part (Fig. 2, 75—100 km). The density difference from 3.2
to 3.6 g/cm? is confined to this zone. The central part of this
zone corresponds to the transregional tectonic Inhul fault
zone, which correlates well on 150—200 km sections with the
pattern of the lithosphere lower boundary depths, identified by
thermal anomalies [18]. It also agrees with the deep mantle
heterogeneities, identified by complex analysis of potential
physical fields and seismic studies of the Ukrainian Shield [19].

Sections constructed at depths of 500 and 600 km corre-
spond to the lower boundary of the upper mantle. Below
500 km, the density anomalies in the upper mantle reflect
changes in the pressure and temperature (PT) conditions and,
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Fig. 1. Example of the application of the mass correction to the
density curve constructed for the upper mantle domain with
midpoint coordinates 31.5E and 48.5N:

1 — Density according to the Adams-Williamson equation; 2 —
Polymial Heterogeneity Corrected Density; 3 — Polynomial Het-
erogeneity Corrected Density mass-balanced

possibly, the composition of the mantle rocks. The spatial cor-
relation of mantle density anomalies with surface structures at
such depths is meaningless. Low-density anomalies completely
change their shape below 800 km, being localized beneath of the
centre of the Ukrainian Shield and expanding along the bound-
aries of the Dnieper—Donets Basin. Down to 1,500 km, the
density anomalies generally retain this pattern. Below 1,500 km,
an equant anomaly of high density begins to form under the
south part of the Holovaniv suture zone. At these depths, the
submeridional zone becomes less contrasting, which may be re-
lated to the PT conditions, which level the density features.
Moving into the lower mantle, starting from the depths of
800 km and below, this zone is practically not visible (Fig. 2,
800—1,500 km). Interpretation of deep anomalies in the upper
and lower mantle for such a small area as the Ukrainian Shield is
practically meaningless since it would be necessary to extend the
area of research for geodynamic modelling, including calcula-
tions of rock composition, viscosity, and temperature.

Discussion. The proposed methodology for recalculating
(transforming) the initial P-velocity model into a 3D density
model has been applied for the first time to the Ukrainian
Shield. We now discuss its suitability by comparing it with the
methods used by other researchers. There are two general ap-
proaches to solve the problem of finding the density of the
Earth’s mantle. One of them assumes the creation of one-di-
mensional reference models with radial distribution of density,
with an a priori assumption regarding the mantle composition.
Density is presented in general terms as

C=a+bp; (13)
C=(2-4/3v2)", (14)

where C is acoustic wave velocity, and a and b are coefficients,
which depend on the atomic weight of the substance. For bulk
wave velocities, the experimental relations with density are

v,=a,+b,p;

Vy=a,+ b,p. (15)
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Fig. 2. Horizontal sections of the mantle density beneath the
Ukrainian Shield, g/cm’, for several depths ranging from
50 to 2,500 km. Tectonic division of the Ukrainian Shield
[13]. Domains:
1 — Volyn; 2 — Dniester-Bouh; 3 — Ros-Tikych; 4 — Inhul; 5 —
Middle Dnieper; 6 — Azov. Suture zones: 11 — Nemyriv-Kocheriv;
12 — Holovaniv; 13 — Krivyy Rih—Kremenchuh; 14 — Orikhiv-
Paviohrad
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In this approach, it is necessary to know the coefficients a
and b. The Birch’s approach has been widely applied for re-
solving the problems of calculation of the density of the crust-
al and mantle rocks beneath the Ukrainian Shield by Gordi-
enko, et al. [20, 21], Krasovsky, et al. [22].

In these standard Earth-density models, the solutions are
based on the sequential differentiation of the gravity equation
for spherical layers along their radii. The basic analytical rela-
tions for a spherical Earth with homogeneous stratification
along the radius are given in [23]. This approach takes into ac-
count conditions at the boundaries of the piecewise-radial
density distribution according to the Roche law and Gauss
model [24]. With this approach, if the density of the Earth is
set at the surface, it is possible to calculate the values of the
seismic function at each of the known seismic boundaries of
the Earth. The representation of the mantle structure by seis-
mic wave velocity anomalies, supplemented by seismic bound-
aries, allows using the technique of layer-by-layer density
finding at fixed layer boundaries. Our proposed methodology
refers to this approach, where the coefficients a and b are
found as polynomial corrections to the solution of the Adams-
Williamson equation (10).

The other approach is based on modern seismic tomogra-
phy studies of the mantle density structure and phase state that
show that the influence of inelasticity in the mantle must be
taken into account [25, 26] and his followers derive density,
temperature, and other parameters in the mantle through
nonlinear components, namely the absorption time of the
seismic energy by a medium through which waves with differ-
ent frequencies pass. This approach shifts the attention to the
elastic properties of the crystal lattice, i.e., it is necessary to
know at least the composition of rocks and the pressure.
A complete solution of the mantle density problem is possible
only by jointly solving it using the two approaches, linking the
physical macro and micro models of the mantle.

Verification by an independent method of the obtained
data at this stage is possible only at the qualitative level. We
have already mentioned the similarity of anomalies obtained
from different geophysical fields at different depths [19] and
density anomalies. A similar picture was obtained for the
depths of the lithosphere lower boundary [18].

The quantitative verification of the model will be possible
when the three-dimensional density model of the mantle for
the Earth as a whole will be calculated. In such case, not only
will it be possible to calculate the moment of inertia and com-
pare it with the observed data, but also to determine the or-
bital height of any artificial satellite and compare it with its
actual orbit by calculating the gravitational potential. The pro-
posed model can be used as a reference for modelling the
mantle convection and long-term dynamics of the lithosphere.
If the convection is considered as a slow deformation of a
highly viscous liquid, then the Navier-Stokes equation can be
used with some general assumptions and simplifications. For
instance, as long as the compressibility has not a significant
effect, the deviations from a reference density profile do not
exceed several per cent. The equations can be simplified by the
introduction of common approximations that assume a tem-
porally constant, but depth-dependent reference profile for
the density (the inelastic liquid approximation), or a complete
lack of the compressibility and usage of a constant reference
density (the Boussinesq approximation). However, such sim-
plification results in significant errors when the models of the
layered environment or the ones having significant tempera-
ture gradients are considered.

The most accurate approximations of the Navier-Stokes
equations for geodynamics were proposed by Gassmoler, et al.
[27] and implemented in the open-source modelling software
ASPECT [28]. These authors proposed using a density which
takes into account the effects of the varying temperature and
composition, but neglected changes in dynamic pressure, which
could cause volume changes in the order of 0.1 % or smaller.

The proposed mantle density model beneath the Ukraini-
an Shield is suitable for such geodynamic modelling. The
model has all the necessary properties: density variations in
the order of about 0.1 %, and density variations that are caused
by the changes in the rock composition or temperature [27].
The density change in the proposed model is revealed by a step
in isolines. In turn, the isoline pitch directly depends on the
resolution of the seismic tomography method, i.e., on the
Fresnel zone’s size. It has been shown that for the upper man-
tle, the resolution of the method is 30 km, and for the lower
mantle it is 50 km [7].

The heterogeneous structure of the mantle beneath the
Ukrainian shield, shown as seismic tomography velocity
anomalies [6], has also been confirmed by geochemical stud-
ies. For instance, Tsymbal [29], who studied geochemical
anomalies in the upper mantle beneath the Ukrainian Shield,
showed that the upper mantle under the Ukrainian Shield is
heterogeneous both horizontally and vertically in terms of the
degree of differentiation, depletion, and metasomatic rework-
ing. The upper mantle beneath the Volyn and Dniester-Bouh
domains is differentiated, and the rocks are weakly depleted;
beneath the Ros-Tikych domain, the mantle is weakly metaso-
matized; beneath the Inhul Domain, mantles are moderately
differentiated, depleted and variably metasomatized, whereas
mantle beneath the Middle Dnieper Domain is depleted and
beneath the Azov Domain it is weakly depleted and largely
metasomatized. It is worth noting that the areas of mantle de-
pletion defined by [29] roughly correspond to the areas be-
neath the Ukrainian Shield that host positive density anoma-
lies. In contrast to the seismic tomography data, which reflects
the current state of the mantle, the geochemical data refers to
certain moments in the past when the corresponding mantle-
derived rock complexes were formed. This observation may
indicate the long-lasting nature of the mantle (lithospheric)
density anomalies. They correspond to certain domains of the
continental crust that have experienced different geological
histories and were formed at different moments in the past |30,
33]. Some of the density anomalies may correspond to the
eclogite-bearing buried ancient subduction zones [31].

A complex heat flow pattern was obtained for the territory
of Ukraine by Gordienko, et al. [32]. The coincidence of
anomalies of the low density of mantle rocks with anomalies of
the increased heat flow is apparent from consideration of hori-
zontal sections of the mantle density (Fig. 2) and the heat flow.
These anomalies can be traced to a depth of 200 km, which
corresponds to the lower boundary of the lithosphere [18, 34].
So, we can conclude that there is a significant influence of
temperature on rock density, at least in the lithosphere layer.

Conclusion. A 3D mantle density model beneath the
Ukrainian Shield is presented in this paper. The density model
is obtained by recalculating the P-velocity seismic tomograph-
ic model of the mantle. The velocity model is represented by a
set of twenty-one one-dimensional velocity curves, each ob-
tained by inverting a hodograph (a travel-time curve) repre-
senting a single mantle domain beneath the shield. Each P-
velocity curve has individual features, retaining a layered
structure in general. The set of density curves that are recalcu-
lated from these P-velocity curves constitutes a 3D density
model (quasi-3D). Three layers are identified in the mantle:
the lithosphere, upper and lower mantle, each of them signifi-
cantly differing in terms of the density distribution. The analy-
sis of the 3D model of the mantle density beneath the Ukrai-
nian Shield shows the correlation of the density anomalies
with deep mantle inhomogeneities identified from the results
of a comprehensive analysis of potential physical fields and
deep seismic studies. The tectonic and geological structure of
the Ukrainian Shield are reflected in the density anomalies in
the lithosphere. The domains of the Ukrainian Shield have
lower lithosphere densities than the suture zones separating
them. The denser lithospheric mantle beneath the sutures
likely indicates the presence of eclogitic rocks. Besides, the
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density model shows the link between the anomalies of low
density and the anomalies of increased heat flow, reflecting the
significant effect of temperature on rock density, at least in the
lithosphere. Finally, areas of mantle depletion roughly corre-
spond to the areas beneath the Ukrainian Shield that host
positive density anomalies. In contrast to the seismic tomogra-
phy data which reflects the current state of the mantle, the
geochemical data refers to certain moments in the past when
the corresponding mantle-derived rock complexes were
formed. This observation may indicate the long-lasting nature
of the mantle (lithospheric) density anomalies. The link be-
tween the tectonic structure of the crust and lithospheric den-
sity anomalies can be traced to depths of 200 km and then they
vanish at the depth of 500 km, showing the influence of the
lithosphere as a colder layer on the rock properties of the upper
mantle. The obtained three-dimensional model of mantle
density beneath the Ukrainian Shield allows establishing a
correlation between the deep layers: the lithosphere, upper
mantle, and lower mantle. The transition from the velocity
model of wave propagation to the distribution of density opens
possibilities for further determination of other physical param-
eters, such as temperature and viscosity. This, in turn, unveils
the potential for geodynamic modelling.
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Meta. Po3pobka Mozesti TyCTUHU MaHTIii U PO3YMiHHS
(dyHIaMEHTaJbHMX TeOJIOTIYHUX i (DI3UYHMX TPOLIECiB, 11O
BiIOYyBalOTbCS BCepeArHi 3eMJi, i € BaXJIMBUM JJI HAIIOTO
HayKOBOTO Ta IPAKTUYHOTO PO3YMiHHS OYyIOBU TUIAHETH.

Metoauka. [TocTasieHi 3aBnaHHsl BUPilIyBaaucs KOMII-
JIEKCHUM METOAOM JOCIiIKeHHSI, 1110 BKJIIOYA€E aHali3 i y3a-
raJIbHEHHSI JIITepaTypHUX i TATEHTHUX [KepeJi, IPOBEeIeHHS
aHaAJITUYHUX, EKCIIEPUMEHTAIbHUX TOC/IIXKEHD i3 BAKOPUC-
TaHHSIM METOIliB KOMIT IOTEPHOTO Ta MaTeMaTUIHOTO MOJIe-
JIIOBaHHSI.

PesyabraT. OnHOBUMIpHI MOJIEJIi CITPOILILYIOTh PO3MOIiJ
TYCTUHU MaHTII, mependavyalouu, 110 BiH € OMHOPIAHUM JIMIIE
Yy BEPTUKAJIbHOMY HamnpsMmKy. Lle oOMexkeHHsI He 03BOJIsIE
BpPaxoBYBaTW TOPU3OHTAJIbHI Bapiallii TYCTUHM MaHTii, 110
MOXYTbh OYyTH BaXJIMBUMU Ha perioHaJbHOMY piBHi. TpuBU-
MipHi MoJei Gibl CKJIAAHI Ta BUMAraloTh Oijiblle JaHuX i
00UYUCITIOBAJILHUX PECYPCiB, TOMY iXHE BUKOPUCTAHHS MOXe
OyTH OOMEXeHUM. Y 1IbOMY AOCHiIKEHHI MU TPE3EHTYEMO
KBa3iTpUBUMIipHY MOJIEJIb TYCTUHM MaHTIi Mil YKpaiHCbKUM
wutoMm. Llg 3D-monenb oTprMaHa 3a 10IOMOrol 6a30BOro
HaboOpy OJHOBUMIPHUX CEMCMIYHMX TOMOTpa(iYHUX IIBUII-

KiCHUX MoJesieil, po3paxoBaHUX 1S 21 MaHTIHHOTO TOMEeHY
B miamasoHi nmmbuH Bix 50 mo 2600 kM. IIpolec mepeTBopeH-
Hs1 MoJesi IBUAKOCTI P-XBWIb Y MOJe/Ib TYCTUHU BKJIIOYAE
Taki eTanu: 1) BUBHAYeHHsI CEMCMIYHUX TPaHMIIb Y MaHTil Ha
OCHOBI KPMBUX IIBUAKOCTEN P-XBWJIb I1s1 KOXKHOTO MaHTIil-
HOTO TOMEHY; 2) CTBOPEHHSI CMUHTETUYHOIT MOJIEJIi MaHTIl ITi/T
YKpaiHCbKUM HIUTOM JUISl KpUBUX LIBUAKOCTEN P,S-XBUIb;
3) BuUpillleHHs piBHIHHS Anamca-YiTbsIMCOHA IS KOXHOTO
JIOMEHY, YPaxOBYIOUU IMOJiHOMiaabHi MOMpPaBKU JIs1 Bpaxy-
BaHHSI HEOTHOPIMHOCTI; 4) aHaJi3 iCHYIOUMX MOAEJIeH IIUIsI-
XOM TOPiBHSIHHSI PO3PaXOBAaHOIO IpaBiTallilHOrO MOTEHIlia-
JIy Ta TOoJIsl, 1110 CIIOCTePIraeThes B LIEHTPAJIbHIl Toulli YKpa-
THCHKOTO LIMTA B SIKOCTi €TaJIOHY JUIsl BUOOPY OIHIET 3 5 pe-
depentHux Moxeneir (ITPEM). ¥V HamoMy mociimkeHHi Mu
aKIIEHTYBIM YyBary Ha OCTaHHIX eTamax KOHCTPYIOBaHHS
MOJIeJIi TYCTUHM MaHTii: 1) 30alaHCyBaHHSI Macu BEPXHbOI i
HUXKHBOI MaHTII JJIs1 KOXKHOTO IOMEHY MpY BU3HAUYCHHI TyC-
TUHMU 3a I0TIOMOTOI0 PiBHSIHHS Anamca-YilbsIMCOHa Ta yBe-
NIEHHSI MOJIiIHOMiaJlbHUX MOMPAaBOK; 2) PO3PAXyHOK TYCTUH
IIJIST KOKHOTO 3 21 MaHTiitHUX TOMeHiB i ix 3D-iHTerpariis.

HaykoBa noBusHa. OTprMaHa MOJejib TYCTMHU MaHTii
YKpaiHChbKOTo 1KTa 100pe BilMOBiAA€ MOAITY MAHTIi HA TPU
OCHOBHI 1Iapu: JliTocepy, BEPXHIO MAHTiIO 1 HUXKHIO MaH-
Tito. KoXeH CTpyKTypHMIi 11ap MaHTii Ma€ CBiii maTepH
MpeICTaBIeHHS B HEOMHOPIAHOCTSIX TYCTUHU. AHOMAaii
3MEHIIIEHOI TYCTUHU B JIiTochepi YKpaiHChKOTO IIUTa KOpe-
JIIOIOTh i3 TETJIOBUMM aHOMAJIisIMU, TOi SIK aHOMaJIii 30i/1b-
11I€HOI T'YCTUHM BiANOBIAAIOTh LLIOBHUM 30HAaM, 1110 iX pO3/li-
JISIIOTb.

IIpakTyna 3naynmicTb. PerioHu 3i 30i1b1IEHUM TpaieH-
TOM TYCTUMHM IOB’S13aHi 3 MaHTIHHUMU aHOMAaJisIMU, SIKi B
NESIKMX BUIAIKaX MOXYTb OYTU MEXEeI0 MK pi3HUMU NETPO-
JIOTIYHUMU (popMallisSIMU, Ta CIYXKUTU KaHATaMU JJIs TiAHST-
T MarMu 70 3€MHOI KOPY Ha TEBHUX €Tarax reoJorivHoro
PO3BUTKY YKpPaiHCHKOTO IIIUTa, Ta MPUBHOCUTHU TE€OXiMiuHi
€JIEeMEHTH [IJ1s1 yTBOPEHHST KOPUCHUX KOTIAJIH.

KmouoBi cnoBa: YVkpaincexkuii wum, manmis, pieHAHHA
Adamca-Yinvamcona, eycmuna, 3-eumipHa mooens
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