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SUMMARY

Purpose. The additional velocity boundaries defined from velocity gradients in the upper mantle under
Ukraine area need to be validated. These boundaries are outlined at alternation zones of increased and
decreased values of the P-wave velocity gradients within tectonic units of Ukrainian Shield. They form
characteristic patterns that correlate with main vertical dislocations and boundaries of deep-seated
inhomogeneities within mantle. We need to compare them with the known density distributions and
derive proper local velocity model based on vp/vs ratio.

Method. To prove these boundaries we invert the 1D velocity models taking into account impact of
inelasticity in the mantle after Karato (1993). We compare velocity ratio vp/vs with the known density
models as PEM-A, PEM-C, PREM, AK135. The resulting curve was recalculated into a density
distribution curve.

Results. This procedure reveal a discrepancy between the common models and the estimated model up
to a depth of 800 km, while below this depth the coincidence is good. There are outlined 7 structural
horizons at upper mantle (under ~180-190 km, ~210-220 km, 250-260 km, 360-370 km, 410—-420 km,
620-630 km, and ~660—670 km) and 7 structural horizons at lower mantle (under ~710—730 km, 760—
770 km, 810-820 km, 1050-1060 km, 1660—1710 km, and 1900-1910 km).

Practical value. A new approach for the definition of the mantle inhomogeneities distribution based on
vp/vs ratio is tested. A radial velocity distribution within mantle from P waves were obtained beneath
Ukrainian Shield. It proved the previously identified gradient velocity boundaries within the mantle.
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Introduction

Recently, a few publications have appeared on the allocation of additional velocity boundaries, at least
in the upper mantle for the territory of Ukraine. They are constructed according to the data of processing
of the gradients of the arrival velocities of P-waves along the synthesized composite profile crossing
the main tectonic units of the Ukrainian crystalline Shield (Pigulevskiy et al., 2019; Dubovenko et al.,
2020). These data represent transformations of hodographs constructed from the arrival times of P-
waves derived from earthquakes, which are recorded in the period 1970-2012 in the bulletins of the
International Seismological Society. The key features of these velocity boundaries are expressed in a
certain alternation of zones of increased and decreased values of the P-wave velocity gradients within
each individual megablock or suture zone within the Ukrainian Shield. The overall ratio of such zones
forms well-distinguishable characteristic patterns that correlate with the position of the main vertical
dislocations and boundaries of deep-seated inhomogeneities within the upper mantle. In most cases,
they are confined to the boundaries of the main tectonic units of the Ukrainian crystalline Shield and
generally agree with the position of the known seismic boundaries within their mantle.

At this stage of research, it may be of a common assumption that these tomographic boundaries are
associated with the chemical anomalies and the phase transitions in the upper mantle (Deuss et al.,
2013). But there it should be remembered that these boundaries are obtained by inverting the various
1D velocity models (Dziewonski and Anderson, 1981). The results of such an inversion (Johnson, 1969)
often are extended beyond the upper 1000 km up to the depths of the lower mantle, up to the depths
2700 km. Determination of deep inhomogeneities at such depths significantly changes the current
understanding of the material composition and physical properties of the mantle. Therefore, increased
requirements are now imposed on the quality and accuracy of reference models that define the general
pattern of the radial distribution of density (and other physical parameters of the geological media) with
depth. Therefore, this work is devoted to the analysis of these models and the derived from its own local
velocity model of the geoid within Ukraine.

Method and/or Theory

For the first time, it is supposed that the radial density distribution was investigated in paper (Saxov,
1952) under the assumption of the identical chemical composition of the Earth's crust and mantle. In
this case, the density values (Ramsay, 1949) were used, but later in the geophysical community, the
density data calculated by (Bullen, 1942) became much more widespread. Nevertheless, with the current
accuracy of calculations of tomographic models of the mantle, the discrepancy value between the initial
density data for reference models (Ramsay, 1949) and (Bullen, 1942) is quite remarkable reaching up
to 7%, which already significantly affects the accuracy of determining the thickness of inhomogeneous
(velocity-derived) structures. The model derived from data of (Saxov, 1952) turned out to be slightly
closer to our own data, without the necessary corrections to the values of normal gravity on the corres-
ponding composite profile A-A1 of measurements. We should recall that, according to (Ramsay, 1949),
the density values vary within the range of 3.29-6.02 g/sm’ in the mantle and the range of 8.92-18.5
g/sm’ in the core, while according to paper (Bullen, 1942) they vary as 3.32-5.68 g/sm’ in the mantle
and 9.43-17.20 g/sm’ in the core. Therefore, we will rely on this particular model in our initial
calculations. The result of these calculations is shown in Figure 1.

Our calculations are based, like the standard density models of the Earth, on the successive
differentiation of the gravity equation for spherical layers with respect to their radiuses. However, the
basic analytical relations for a spherical Earth with uniform stratification along its radius are given in
paper (Marchenko, 2000) under the condition piecewise radial density distributions accoding to Roche's
and Gauss' models. It should be noted that if we get the Earth density at its origin then we could calculate
the values of seismic function at each of the known Earth's seismic boundaries. These data are sufficient
for recalculation of the coefficients of analytical piecewise density models. This is main reason for
determination of the velocity ratio vp/vs as constituents of the seismic function.

It is known that both analytical and empirical solutions of the density distribution within the Earth itself
essentially depend on the reference Earth model relative to which the perturbations are calculated. For
instance, for the Earth model PREM with a radially symmetric Earth (reference density po(r) for gravity
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acceleration go(7) and gravity potential ¢,(r), elastic parameters Ao(r), (o(r) for every radial surface) the
distribution of zonal spherical harmonics is obtained (Dumberry and Bloxham, 2004). The model imply
that the outermost region is overriding by ocean, while neglecting the dynamical effects of oceans and
extend the parameters of the crust to outermost radius. Nevertheless, even such a distribution essentially
replaces the two-layer model of the Earth with a three-layer one. To analyze the distribution of the ratio
of the velocities of P- and S-waves (as well as the distribution of physical parameters modeled according
to it), this resolution is not enough. The gravity and appropriate matter displacement models are rough
because of poorly constrained initial density values at the principal Earth's boundaries (Figure 2).
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Figure 1 Radial density and gravity distribution within Earth, according to (Saxov, 1952) modified
after the conditions given at (Pigulevskiy et al., 2019)
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Figure 2 The zonal spherical harmonic coefficient of degree 2 of radial displacement y;, and of gravity
perturbation ys in the inner core (0<r <0.1917) and the mantle (0.5462 <r < 1) for a centrifugal force
acting on the mantle (thick line), and on the Earth (thin line), after (Dumberry and Bloxham, 2004)

Modern researches of the density structure and phase state of the mantle based on seismic tomography
data often refer to study (Karato, 1993) in order to show that the influence of inelasticity in the mantle
needs to be taken into account. However, the restriction indicated in this work that the implied impact
is calculated accurately only for a spherically symmetric figure of the Earth and often does not take into
account its lateral heterogeneity, which Karato himself warned about. The second most important factor
is the dependence of the resolution of the inversed hodograph (i.e. the characteristic dimensions of the
distinguished inhomogeneities of the medium) on the length of the transmitted wave. A non-optimal
filtering step selection results in artificial anomalies and fluctuations in the velocity curve. We calculate
this step relative to the IASP91 model as 50 km for depths of 0-700 km (Dubovenko et al., 2020).
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Therefore, having smoothed the velocity curves according to the selected filtering step, we calculated
the velocity gradients and compared the obtained curves with the known data for the most popular
density models of the Earth: PEM-A, PEM-C, PREM, AKI135. The boundaries of mantle
inhomogeneities were determined by the extrema of the gradients. At studying the anomalies of the
gradient of the velocity curves, we distinguish areas with different velocity acceleration in certain areas
of the mantle. They have much more noticeable features at the upper boundary of the density jump in
the medium. Thus, it is possible to refine the velocity distribution curve according to its gradient values
for each large tectonic unit within the Ukrainian Shield (Pigulevskiy et al., 2019; Dubovenko et al.,
2020).

Therefore, we calculated the curves of the P-wave velocities v, then using the empirical values of the
average velocities vp/vs determined in advance from the Taylor series expansion, we found the values
vs. After that, we formally determined the ratio of velocities vy/vs at each central point within the
calculated block of each tectonic unit. Along the entire profile, such values formed a continuous curve
of velocity values as initial data for calculating the seismic function. Having the values of the seismic
function, in turn, it is easy to pass from it to the viscosity functions through the known Poisson relations.
The vp/vs values were compared with the PEM-A, PEM-C, PREM, AK 135 models of the media, which
were originally developed under the assumption of a spherically symmetric density distribution, without
taking into account its radial variations. In view of this, it was necessary to take into account such
variations according to the recommendations of (Karato, 1993). After that, the resulting curve was
recalculated into a density distribution curve, and the result is shown in Figure 3.
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conditions given at (Pigulevskiy et al., 2019)
Results and discussion

We compared the values of the density of the known physical models of the Earth and the estimated
model which we refine according to the ratio of the velocities of P and S waves and correct for the
mantle inelasticity conditions after (Karato, 1993). This procedure showed a noticeable discrepancy
between the generally accepted models such as the PREM and the model we calculated up to a depth
of 790-800 km, while below this depth the coincidence there is within the acceptable calculation error.
It is noteworthy that the new density distribution curve was built taking into account the boundaries
identified according to the analysis of the velocity gradient curves along the profile crossing the main
tectonic units of the Ukrainian Shield. The result of its thorough graphic function analysis is that it
practically confirms almost all the boundaries of density inhomogeneities within the mantle known in
the literature (Johnson, 1969). In several cases, it even allows preliminary identification of several new
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velocity boundaries, which in one way or another should correspond to the boundaries of variation in
physical, and, above all, density properties.

These boundaries were formally distinguished as points of inflection (deviation) of tangent lines drawn
along linear sections of a piecewise linear curve of velocity distribution. In common sense, the resulting
curve looks more detailed in comparison with the known standard radial density distributions (like
PREM, etc.) of the Earth. As a result, the list of highlighted velocity boundaries from the daily surface
to the mantle-core boundary includes the following depth intervals: 180-190 km, 210-220 km, 250—
260 km, 360370 km, 410-420 km, 660670 km, 710-730 km, 760—770 km, 810-820 km, 1050-1060
km, 1660-1710 km, 1900-1910 km, and 2350-2360 km. The boundaries of 510-520 km and 620-630
km are very indistinct (fuzzy), while the boundaries of 830 km, 1230 km, 1540 km, and 1760 km
mentioned in the literature are generally absent in the analyzed section.

We recall that the vertical resolution of the velocity boundary correlates with the cross-section of the
Fresnel volume, in which the wave parameters (such as the amplitude and phase gradient) should not
change appreciably within the range of cross-section. Based on this assumption, the resolution cannot
be more than half of the minimum step of the averaging sliding window for the curve which for our
study equals half of the step of 25 km, i.e., approximately 10-12 km, as seen in Figure 3. Then maximal
resolution thickness is double of step 25 km, i.e. of 50 km. It should be recognized that the boundaries
defined above depend on the averaging radius and, at its different value, their number and range (thick-
ness) may vary. However, the set of boundaries of deep inhomogeneities within the mantle presented
above is exactly the closest to that known from the literature. This indirectly confirms the averaging
step. Nevertheless, it is necessary to check the position of these boundaries by other methods that have
a fundamentally different approach for obtaining the data.

Conclusions

A new approach for the definition of the mantle inhomogeneities distribution based on the v,/vs ration
calculations of P and S waves is tested. New radial velocity distributions within mantle based on the
average velocity data for P waves under territory of Ukraine were obtained, mostly beneath main
tectonic units of Ukrainian Shield. A function graph analysis for the distribution of velocity of P-waves
and its gradients within the upper mantle in the depth range of 50-2700 km was made. It results in the
justification of previously identified series of additional gradient velocity boundaries (Pigulevskiy et
al., 2019; Dubovenko et al., 2020) within upper mantle under Ukrainian Shield, while extended their
range up to lower mantle. This proves that this method of recalculation of velocities can be used to
convert the velocities of P-waves into the velocities of S waves and then convert the latter into curves
of temperature or viscosity via forward modeling.

These boundaries include at least 7 structural horizons at upper mantle (under ~180—190 km, ~210-220
km, 250-260 km, 360—370 km, 410420 km, 620-630 km, and ~660—670 km) and the same number of
structural horizons at lower mantle (under ~710-730 km, 760—770 km, 810-820 km, 1050—1060 km,
1660-1710 km, and 1900-1910 km). This means that our synthetic approach is verified on real
geological structures with real data from ISC bulletin. We still check the resolution of the approach by
other seismological data and techniques, including the reflected waves' studies, whose resolution is
independent of wavelengths. Any speculations on the mantle disruptions nature remain beyond the
scope of this thesis.
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