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Abstract

The investigations of the fractal structure and properties of the different geophysical elements is new and fast
developing area of research among the geophysical society. The fractal properties of the earthquake clusters,
faults and folds at different scale, even the plutonic bodies and other elements of the positive landforms are the
most exploited areas of research. In our caste the special attention is paid to the gravity field (free-air anomalies)
as the most expressive element of the surface elevated structures and their influence to the relief. The Balkan
Peninsula is well known as the one of the most variable Earth’s surface elevation area in the world. The fractal
properties of gravity field in such area could be useful to try to establish formal relationships to the surface
elevation, as well as to prove the possibility to get some information about the self-organization and the origin
of the mountain landforms in the same area.
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Introduction

The research and exploration of the theory of fractals and the fragmentation of different elements of the earth’s
surface and interior is larger developed during the last years. The results obtained are frequently used for
explanation of the self-similarity and the self-organization of the different elements related to the Earth science.
The recent paradigm of the geodynamics accepted the nonlinear behavior in time and space. For example a lot
of publications are related to the fractal properties of the Plate tectonics [1], seismotectonic models of the Balkan
Peninsula [2], local morphostructural analysis ([3]; [4]; [5]), the seismicity development of the time series ([6]; [7];
[8]; [9]; [10]; [11]; [12]; [13]; [14], etc. The present study aims to analyze and interpret the probability of fractal
structure of positive free-air gravity anomalies within the Balkans. For this purpose is used data from Global
Gravity Model- WGM2012 [15]. The possibility of a positive correlation between the positive gravity field and
the distribution of the mountain morphounits within the studied area has also been investigated. This would
put a new light on the nature of the tectonic processes in the region and the principles of mountain building in
particular.The subject of this study is the mainland of the Balkan Peninsula (43° 00" 00" N; 23° 00' 00" E) (Fig.1).
The adjacent islands and water areas are not included in the study. The Balkan Peninsula is bordered by the
Adriatic Sea on the northwest, to the southwest by the lonian Sea, by the Aegean Sea and Marmara Sea to the
south and southeast, and by the Black Sea to the east and northeast. The northern border of the peninsula starts
from the Trieste bay of the Adriatic Sea, tracks the river valleys of the Socha, Idriya and Sava rivers, and reaches
the Black Sea along the Danube River. The peninsula from the west to the east has a length of about 1250 km
and a width from north to south 930 km. The total area of the Balkan Peninsula amounts to 505,000 km?2. The
topography of the peninsula has a fragmentary character, equally representing the positive and negative
landforms. The highest point of the Balkan Peninsula is Musala peak (2,925 m), located within the Rila Mountains
(Bulgaria).
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Fig.1: Survey map of the Balkan Peninsula
Materials and Methods
Fractals — an expression of the fragmentation of the Earth’s elements

The classical example of a fractal object is defined by Mandelbrot [16]. If the length of an object P is related to
the measuring unit length | by the formula:

P10 (1)

then P is a fractal and D is a parameter defined as the fractal dimension. This definition was given by B.
Mandelbrot in the early 60-s of the 20-th century. His ideas support the view that many objects in nature cannot
be described by simple geometric forms, and linear dimensions, but they have different levels of geometric
fragmentation. It is expressed into the irregularities of the different scales (sizes) — from very small to quite big
ones. This makes the measuring unit extremely important parameter, because measuring of the length, the
surface or the volume of irregular geometric bodies could be obtained so that the measured size could vary
hundred to thousand orders. This fact was first determined when measuring the coastal line length of West
England and this gave Mandelbrot the idea to define the concept of a fractal. In geology and geophysics is
accepted that definition of the different “fractals” as real physical objects is most often connected to
fragmentation [17]. This reveals that each measurable object has a length, surface or volume, which depends on
the measuring unit and the object’s form (shape) irregularity. The smaller the measuring unit is, the bigger is the
total value for the linear (surface, volume) dimension of the object and vice versa. The same is valid for 2D and
3D objects.

The theoretical approach for the linear case and for the 2D and 3D cases was developed by [18; 19]. They focused
the attention on the relations between the smallest measuring unit and object’s size in analyzing linear (1D), 2D
and 3D objects (Fig.2).
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Fig.2: 2D fractal scheme — each linear element is /2 of the larger one.

If I is the measuring unit and with m we denote the obtained value for N at each measuring cycle, then the
common sum of the lengths N at level m according to Turcotte [20] is:

Vo=@ =p) (14 2o+ [Zo] 20 ) @)

where p. denotes the probability for measuring of each length for the corresponding cycle of the
measurement.

Using formulas (1) and (2) we obtain the following formulas:

Ny =1 _ 95‘

— =4 3

N 3
for liner elements, and
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for any area elements (surfaces).

Another definition of a fractal dimension is related to the serial number of measurement to each of the
measuring units used and the object dimensions. If the number of the concrete measurement with a selected
linear unit is bigger than r, then it might be presented by:

N~rD 5)

and the fractal is completely determined by D as its characteristic fractal dimension. Applying this definition for
the elements of faulting and faults fragmentation, some authors use this idea to depict formal models of the
earth crust fragmentation, which indicates the level of fracturing of the upper earth layers [21]. Same approach
was carried out for the fractal properties of the major elements of the Plate tectonics models [1].
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The present study methodology based on the correlation number-area is following the algorithm presented and
effectively applied in a number of publications [21], [22], [2], [1], [23]:

- Calculation of the number of positive free-air gravity anomalies (N) with corresponding area (in km?) for the
graphic.

- Presentation of the results on the graphic — on the X axis in logarithmic scale the areas of the positive free-air
gravity anomalies are plotted, and on the Y axis in linear scale the corresponding number are plotted.

- The fractal dimension (D) has been calculated using the data from the graphic and results discussed.

The research of the large structures of the Earth’s crust (plates, subduction zones, ridges, rift zones, etc.) shows
clear expressed nonlinearity easily defined as fractals with different dimensions [1].

The analysis of the absolute positive free-air surface gravity anomalies (values above 80 mgal as mostly clear
expressed peculiarity) was performed on the basis of GRID data from Global Gravity Model- WGM2012 [15].
The calculation of the areas of the free air gravitational anomalies has been explored using GIS software
(GoogleEarthPro) and the corresponding area measurement function from the menu.

Free-air gravity anomalies- reflection of the Earth’s elevation model and its positive elements

Free-air gravity anomalies are considered as the best expressed relationship between the low depths
gravitational bodies reflecting the gravity influence of the elevated structures (mountains, hills, horsts, etc.)
(Fig.3)

By definition the free air anomaly (frequently called Faye's anomaly) at the representative point is:
gF = gm-[g0 — 0.3088(H+h)] = gm +0.3088(H+h) — g0 (6)

Where gF is the free-air gravity anomaly, g0 is the absolute gravity value at the point where the measured value
is gm. H is the height above sea level and the h —is the level difference between the spheroid and the geoid at
the same point. The calculated by this way values of the free-air anomalies reflect the gravity field originated
from the Earth’s surface elevations above the sea level. That's why they are considered as the most reflective
anomalies related to the earth’s elevated structures.

Figure 3 clearly shows that the positive free-air gravity anomalies in the Balkans have a clear fragmentation of
geographical distribution. In practice, this is consistent with the mosaic pattern of topography in the region. The
positive gravity field (especially the highest values) marks the highest elevated parts (earth crust blocks) of the
peninsula (Fig.3).

The regional analysis shows that there is an absolute correlation between the positive gravity and some smaller
mountains (Rila, Pirin, Slavyanka; etc.), partial correlation with the larger mountain morphounits such as the Stara
Planina Mountains, the Rhodopes, the Pind, the Dinaric Alps, etc., however, where in the local relief some
negative morphostructures (kettles) are clearly expressed. In some other low to medium peripheral mountains
(such as Strandzha, Maleshevo, Forebalkan, etc.) gravity has normal or slightly elevated values but not high.
Surely, however, with those parts of the peninsula whose altitude exceeds 2000 m, correlation is absolute.
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Fig.3: Correlation between positive Free-Air gravity anomalies (above) and DEM (below) within the Balkan
Peninsula

This distribution is determined primarily by the plate tectonic processes creating and shaping the relief within
the Balkan Peninsula. The subduction processes (south of the island of Crete and the western edges of the
peninsula in the Adriatic Sea), as well as the collision processes at the regional level (intercontinental collision
between Gondwana (African plate) and Neo Europe (southern edge of Eurasian plate) [24] and at the local level
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(for example, the collision between the Bulgarian and Moesian continental microplates [24;25] in the Stara
Planina Mountains region).
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Fig.4: Main tectonic processes (subduction, faulting, earthquakes — circles on the figure) in the Eastern
Mediterranean region (GIS data: [26])

Results and Discussion

The results from the analysis of the fractal geometry of the positive free-air gravity anomalies within the Balkan
Peninsula are presented in graphical form in Figure 5.
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Positive Free-Air Anomalies Within The Balkan Peninsula
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Fig.5: Fractal diagram of the positive Free-Air gravity anomalies within the Balkan Peninsula
On the basis of the results from the figures, the following main conclusions can be drawn:

1) The consecutive results in Figure 5 clearly show the fractal structure of the positive free-air gravity field
within the Balkan Peninsula. The fractal dimension (D) of 1.29 points to a low degree of fragmentation,
that is, the differences between the minimum and maximum values are not so large.

2)  Thereis a spatial overlap of the positive free-air gravity anomalies with the highest elevated crustal blocks
within the mountain morphostructures. This positive correlation is a clear sign of the self-organization of
the morphotectonic processes operating in the region of the Balkan Peninsula.

3) The positive correlation between the gravitational field and the highest elevated blocks on the one hand
and their fragmented geographic spread on the other proves the non-linear nature of the endogenous
processes and phenomena acting in the bosom of the Balkans.

The fractal structure of the positive free-air gravity field throws new light on the endogenous earth processes in
the Balkan Peninsula. This reflects on the mountain building processes and demonstrates the nonlinearities in
these processes. Fractal geometry as a clear sign of self-organization determines the character of
morphototectonics in the region. The results obtained can serve as a starting point for a number of correlation
studies in the future. This would necessarily contribute to the successful collaboration between different Earth
sciences and would improve our understanding of the endogenous processes in the Balkan Peninsula region.
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Conclusions

The first steps to study the relationships between the free-air gravity anomalies and the high elevated lands in
the Balkan Peninsula are attempted. The results obtained support the initial idea to use and correlate the fractal
properties of the free-air gravity anomalies with the positive morphological elements. The calculated fractal
dimension shows the nonlinear behavior of these landforms, thus supporting the self-organization and similarity
in the genesis and the surface expression of the high lands located in the Balkan Peninsula. The perspective
future research is under consideration to discriminate the linear and isometric high mountain landforms with
the lowlands using similar methodology and revealing the origin of the investigated morphostructures.
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