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SUMMARY

Geophysical methods of Earth depth interior studies generate geophysical data that must be
filtered to obtain the maximum amount of useful information. In particular, gravity data are
sensitive to measurement accuracy, survey methodology, geological noise (edge effects), and
the complexity of the geological model under study. Therefore, a step-by-step application of
a series of filters is necessary to remove the influence of noise and enhance those data
components of interest. It is also necessary to take into account the interrelationship of filters,
gridding methods, sampling density, and noise ratios. Therefore, the use of filters in data
processing of gravity and its transforms was investigated in order to improve the results of
forward simulation. The example includes processing the gravity data from the Sajava oil-
exploration site in the Ukrainian Carpathians. Its transforms in the kind of vertical and
horizontal gravity gradients were calculated, as well as other techniques of filtering the
gravity field, in particular, upward continuation to 10 km level, calculating the analytical
signal, gravity entropy, its standard deviation, gravity dynamic range compression, etc. The
gravity anomaly spectrum and its gradient in the wavenumber domain and a series of other
analytical signals were calculated. Their joint qualitative analysis showed the prerequisites
for forward modeling of the density, but the formal solution of the gravity forward problem
by a simple model in the kind of horizontal prisms (as well as the fitting in Growth-dg) did
not provide a satisfactory solution. Possible reasons are the insufficient selection of
constraints on the parameters of the geometry and density of the depth interior according to
the data of other geophysical methods. However, this study has an independent value in terms
of studying the reliability of the application of geophysical filters for processing a complex
sample of the gravity field on a real site.

XVI International Scientific Conference “Monitoring of Geological Processes
and Ecological Condition of the Environment”

15-18 November 2022, Kyiv, Ukraine




Monitoring’2022 EAGE

Introduction. Geophysical methods of geological media depth explorations generate a bunch of
geophysical data that must be processed by special techniques in order to derive the maximum amount
of useful information from the measured signal. Geophysical data itself is sensitive to instrument
accuracy, survey methodology, geologic noise (the geology surroundings we're not interested in), and
the complexity of the geologic model we're studying. An intelligent application of appropriate
geophysical filters can be used to remove the effects of noise and enhance those data components of
interest. To effectively use the processed gravity or magnetic data, one should understand the
interrelationship of filters, gridding methods, sampling density, and noise ratios. The current study
highlights the use of some filters in the processing of gravity data and its transforms to visualize and
improve the preliminary as well as the final results of geophysical investigations. Examples include
gravity data filtering from the Sajava research site at the Ukrainian Carpathians.

Most of the methods for imaging the density structure of the Earth's depths are mainly focused on the
joint inversion of gravity and seismic data and are designed to be suitable for the study of horizontally
layered geological media. However, seismic data, as a rule, are significantly sparsely distributed and
often have a poor lateral resolution. And their confining using only gravity data cannot fully compen-
sate for these shortcomings of the initial model of the geological media. In addition, for the exploring
of faults and tectonic structures, not only the spatial position of the density boundaries is needed, but
also the dip of strata. Meanwhile, the known approaches for edge detection of the density boundary
provide the horizontal position of the boundary, but the direction of dip. A general analysis of the cau-
ses of main uncertainties in geological modeling, however, based on the example of hydrogeological
modeling, is given in the theses (Bozhenyuk, 2015).

Edge detection techniques (Phillips, 2000) for sources of gravity and magnetic anomalies (i.e., evalua-
tion of the depth and edges of horizontal thin plates based on extremes of the anomalous field and its
transforms), which are implemented in Geosoft Oasis montaj, include the horizontal gradient method
(Blakely and Simpson, 1986); an analytical signal (Roest et al. 1992) (aka total gradient); a local wave
number approach (Thurston and Smith, 1997). These methods depend on the amplitude of the higher
derivatives of the anomalous field and therefore are noticeably sensitive to noise.

The methods of structural analysis of grids of potential fields include various techniques of field filte-
ring, including algorithms of phase symmetry (Kovesi, 1997) and phase congruence (Kovesi, 1991),
etc. These techniques were implemented because classical gradient-based edge detection approaches
are intended to find the density step edges, but the boundaries of most magnetic and gravity anomalies
are caused not by the sharp step edges, but mostly smoothly changing bands. Transformations of pha-
se symmetry and phase congruence of gravity anomalies are contrast-invariant edge detection techni-
ques based on the analysis of local spatial frequencies (wave domain quantities) of these anomalies.
Edge resonances always occur at points where local frequencies are maximally synchronous, as oppo-
sed to points of phase symmetry where these data are extrema. For over the past two decades of XXI,
sufficient experience has been accumulated in the application of 2D filters to the data of geophysical
anomalies transferred to a regular grid. This procedure greatly improves the quality of grids, including
combining several filters together, while fitting filter parameters for every specific problem.

The latest approach (Jing et al., 2022) to the joint inversion of the gravity field (i.e. gravity direct ope-
rator core) and the attributes of the depth and/or density model displays the 3D distribution of the den-
sity gradient in several directions and gives the horizontal position (strike) of the boundary as well as
the direction of fault dip. This approach analyses the analytical characteristics of the gravity field and
its gradient together with their spectra in wavenumber domain. The gravity/gravity gradient reflecting
different depths are used for subsequent 3D density imaging. The authors declare that it could compe-
nsate for the above-mentioned shortcomings of seismic data. In our opinion, techniques of joint inver-
sion of the gravity field and its transforms can significantly improve the informativeness and resolu-
tion of restoration of the density structure of the earth's interior (Dubovenko, 2013).

Method and Theory. Before starting to analyze the advantages of joint inversion of gravity and its
transforms, let's point out their main properties. Thus, the gravity anomaly (i.e. 1st-order vertical
derivative from the gravity potential) concentrates the low-frequency component of field amplitude.
Whereas the gravity gradient (being the 1st-order derivative of the gravity anomaly, which shows the
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rate of change of the gravity anomaly in three space directions) increases the high-frequency
component of the field. The latter component has a higher resolution for shallow density sources and
sharp changes in lateral extents of the field source features than that of the gravity anomaly. Gravity
anomalies reflect the impact of deep density sources, while the gravity gradient ones reflect the
change in density in a small domain.

The accuracy of the geological interpretation may be improved by the integrated inversion of gravity
and its gradients. Gravity inversion presents some kind of (non)linear inversion procedure involved in
sense of least-squares minimization of the special objective function (being linear functional of direct
gravity operator sampled in a priori confined space domain) by various numerical iteration techniqu-
es. Its geological interpretation involves the restoration of the unevenly spaced density inhomogeneiti-
es of geological interiors according to the gravity anomaly and its derivatives' data. The ambiguity of
the gravity inversion as well as its gradient for fitting the parameters of the geological model (such as
depth and undulations of the density interface, and depth density distribution) can be decreased by a
priori information (limiting the range of physical properties, involving a priori geological information,
or data of other geophysical methods, etc.).

A great variety of methods has been developed for calculating the depth density based on gravity ano-
maly data and/or its gradients. We count them just for the completion of the report only by the names
of the authors and the year of publication, but for the proper bibliography, you should refer, for exam-
ple, to the preprint (He et al., 2022). So, these are the following techniques: edge points detection (Fe-
di, 2007); the Fourier transform of the gravity anomaly in space (Cribb, 1976), or in the wavenumber
domain (Kobrunov and Varfolomeev, 1981; Kobrunov, 2015); correlations of the gravity anomaly and
its gradient in space (Guo et al., 2009) and in the wavenumber domain (Priezhev, 2010; Cui and Guo,
2019). These approaches constrain gravity and gravity gradient inversion by introducing depth/scale
weighting factors. In (He ef al., 2022) it is stated that at least in these methods the spectral character-
ristics of the gravity gradient are not invoked. Meanwhile, the analysis of 3D anomalies of gravity and
gravity gradient and their spectrum in the wavenumber domain provides a rather accurate 3D density
model. However, this thesis, in my opinion, is disputable, because when starting from (Phillips, 2000)
and even (Kovesi, 1997), many techniques consider these characteristics, and there passed almost har-
dly ever ten years, as some of them were implemented in the Geosoft Oasis montaj modules.

The gravity potential of a point mass with density p is described by the well-known Poisson differren-
tial equation of gravity in a two-dimensional case. The gravity anomaly is the 1st-order vertical deri-
vative of the gravity potential and has gravity components gx, gy, and g in the x, y, z directions. The
gravity gradient is the derivative of the 1st-order derivative of the gravitational potential in three dire-
ctions, where T,q are the gradient components, and its 2nd-order derivative satisfies the Laplace equa-
tion, with Ty = Tyx, Txz = Tzx, Tx = T4y, i.€. only 5 gradient components are independent. Each com-
ponent of the gravity gradient uniquely responds (with appropriate variations) to the size, shape, and
thickness of the density source.

This source of density in gravity anomaly gz inversion methods in most cases is a mathematical mo-
del of a rectangular prism (Blakely, 1995), which has horizontal model constraints of kind x; < x < x,
1 £y <y, and z| < z < z». The fast Fourier transform of the gravity field and its gradients (Priezhev,
2010) is applied to this model to derive their spectra in the wavenumber domain (i.e. frequency pass
band). In this domain, most of the popular approaches of imaging the geometry and/or density of the
horizontally layered geological media have been developed. It is known that the spectra of gravity and
its gradient in the wavenumber domain depend on the depth of the density boundary and the density
spectrum itself. We again refer to the paper (He et al., 2022) for the formula for calculating the den-
sity distribution based on the gravity gradient spectrum.

Anomalies of gravity Ag and its gradient determine the edges, boundaries, angle, and center of mass
of the above-mentioned prism; Toxx | max Ty, highlight a boundary along the y-axis; To,, | max Ty,
highlight a boundary along the x-axis; max Tx, denotes corner point; max g, | max T, point out body
center; Tz, has a higher resolution factor, T, highlight a boundary along the z-axis. The spectrum of
the gravity anomaly gz is symmetric and quickly fades; the gravity gradient spectrum T is similar to
the g, spectrum, but more periodic, decaying more slowly, related to the direction of each component
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kx, ky. The spectral functions Txx and Txy, decay quickly, therefore they are not used for inversion, and
their spectrum contours are parallel to the k direction; T« has periodic oscillations on the ki axis, Ty,
and T, are periodic oscillations on the k, axis. However, the amplitude spectra (change in the ampli-
tude of the gravity anomaly with frequency) of gravity and the gradient T, of gravity are similar, al-
though, as the authors note (He et al., 2022), T, is better periodic. The gravity anomaly of the comp-
lex model does not clearly describe the model boundary, and the gravity gradient anomaly T, coinci-
des with the model boundary or inflection point. For a common medium model in the form of a rec-
tangular prism, its horizontal half-width is proportional to the frequency of the wave in the area of the
minimum of the amplitude spectrum, i.e. B =n/Aw. This is true both for 2D and 3D bodies due to the
equivalence of the gravity anomaly spectrum of both 2D and 3D bodies at k,=0. The depth of the mo-
del is determined by the slope 4, = (InE(r2) — InE(r1))/( 2 — 1) of line graph A4 of the logarithmic ener-
gy spectrum: InE (r)=A —2rh..

Modeling. Taking into account the gravity modeling features described above, the data of the gravity
field in the Bouguer reduction (the density of the intermediate layer is 2350 kg/m®) were processed for
the oil-perspective exploration area of Sajava, Ukraine. Its transforms in the form of vertical and
horizontal gravity gradients were also calculated, as well as other methods of filtering the gravity
field, especially, upward continuation at 10 km, calculation of the analytical signal, gravity entropy,
its standard deviation, gravity dynamic range compression, etc. The description of the geological
situation and other a priori data is beyond the scope of this report since we present only the results of
special filtering of the input field and not the results of their interpretation.

==
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Figure 1 a) Gravity for Sajava site; b) Z derivative grid for Euler 3D, c) X derivative grid for Euler
3D; d) Y derivative grid for Euler 3D, e) Upward continuation to 10 km; f) Analytical signal; g)
Gravity entropy, h) Gravity standard deviation; i) Gravity dynamic range compression
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Euler deconvolution with structural index 1, maximum depth tolerance 15%, and window size of 10 in
Oasis montaj was also calculated for the specified input data. With these values, the analytical signal
grid was calculated. Further, CET grid analysis was performed, i.e., gravity data entropy and standard
deviation were calculated (Fig. 1). The obtained results made it possible to identify crucial structural
elements in that field in the form of a highly-gradient fault zone in the western part of the site. These
data can be used for density modeling of the deep structure of this site, but forward fitting seems do-
esn't provide a satisfying solution.

Conclusions. Thus, for a given exploration site (Sajava, Ukrainian Carpathians), a complex of
transforms and filters for the input gravity field in Bouguer reductions was calculated. The spectrum
of gravity anomaly and its gradient T, in the wavenumber domain and a series of other analytical
signals were calculated. Their joint qualitative analysis showed the prerequisites for forward modeling
of the density, but the formal solution of the gravity forward problem by a simple model in the form
of horizontal prisms (as well as the fitting in Growth-dg) did not provide a satisfactory solution.
Obviously, weighting the depths has the potential to improve the reliability of the simulation, but this
requires additional a priori constraints to select thoroughly. The perspective of this study would be
density inversion based on gravity and its gradient taking into account additional seismic constraints.
Moreover, the joint inversion of gravity and its gradient due to mutual constraints should increase the
accuracy of the density model imaging in a complex media.
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