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Abstract

In this study, an analysis of the connection between the spatial distribution of strong earthquakes  (M ≥ 6.0) around the world and the Bouguer gravity anomaly 
gradients is made. The aim of this study is to use relatively less familiar method of the fractal analysis to reveal the relationship between the global gravity fi eld and 
the regional seismicity related mainly to the subduction zones (the most powerful seismic energy emitters). For this purpose, the Bouguer gravity anomaly (BGA) fi eld 
is represented as a synthetic fractal surface. The results obtained show that during the last century, more than 90% of the strong earthquakes occurred in places with 
maximum gradients in the Bouguer gravity values (Fractal Dimension, FD ≥ 2.6). The discussion shows differences between subduction seismic generators and other 
geodynamic elements emitting seismic energy like transform faults, intraplate seismic regions (for example, Tibet Plateau, Nasca Plate, Mid-Atlantic ridge, etc.). As the 
magnitude increases, so does the correlation between them. For earthquakes with M 7.0 - 7.9 and M 8.0 - 8.9, the relationship is 95%, and by M ≥ 9.0, even 100%. This 
supports the conclusion the self-similarity of the geophysical parameters and their direct connection with the Earth’s geodynamics. It is well known that the areas with high 
geodynamics (strong earthquakes, tsunamis, landslides, etc.) cause signifi cant environmental changes affecting populations, infrastructure, and biodiversity. 

Introduction

The Bouguer gravity anomaly is one of the important 

reference parameters in Earth’s geophysics. It gives a good 

idea of   the density of the substance in the Earth’s interior 

and, from there, of the features of the internal structure of 

the planet. The Bouguer gravity anomalies represent mass 

anomalies within the Earth’s interior due to either variations 

in crustal thickness or variations in Earth’s crust or mantle 

density (Figure 1). Bouguer anomalies (Δgb) can be described 

using the following formula:

Δgb = Δgφ – 0,0419δH = g - σ0 + 0,3086H - 0,0419δH       (1) 

where Δgφ is free air anomaly, δ is density and H is layer 

thickness. 

Recently, i n the analysis of geophysical fi elds—especially 

the Bouguer anomaly, the mathematical method of fractal 

analysis has begun to be used. So far, it has been successfully 

applied in many regional studies about local gravity fi eld 

peculiarities [1-8]. The results obtained within these studies 

unequivocally demonstrate the self-similar (fractal) structure 

of the gravity fi eld, and in particular of the Bouguer one. 

On the other hand, seismic activity (Figure 2) is a main 

indicator of the intensity of the most recent Earth’s geodynamics 

and the character of the deep planetary processes.

In this study, an analysis of the interrelationships 

between the Bouguer anomaly values variation and the spatial 

distribution of strong earthquakes (M ≥ 6.0) around the 

world has been performed. The obtained results show new 

interrelationships and could be a good basis for new hypotheses 

and interpretations in the future.
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Methods and data

Variogram method for Fractal Dimension (FD) estima-
tion

Within this study, the fractal analysis is performed through 
the construction of a synthetic fractal surface. The fractal 
calculator (FocalID), based on the variogram method [9], 
generates an image through a window around each raster 
cell. In this way, the fractal calculator initially estimates a 
variogram, where

y(h) = Var(Zi −Zj)               (2)

Where, i, j are spaced by the distance vector h. It is then 
derived by regressing the logarithm of the distance vector 
with the logarithm of the variance [10] is calculated the slope 
of regression. Finally, the fractal dimension (D) is estimated 
through the following formula:

D = 3 − (B/2)                  (3)

Where D is the fractal dimension and B is the slope of the 
regression.

The fractal value of each pixel refl ects the complexity of 

variation [11] of the study parameter. The fractal signal value 
is much higher when parameter values have a more complex 
variation in regard to their neighboring pixel cells.

Finally, using GIS techniques, a fractal model of the Bouguer 
gravity fi eld (such as 2D maps) was constructed and statistics 
were extracted. 

Data and software

The gravity data used in this study are derived from the 
Global Gravity Model- WGM2012 [12]. The elevation data 
about the world is based on the Advanced Spaceborne Thermal 
Emission and Refl ection Radiometer (ASTER) Global Digital 
Elevation Model Version 2 (GDEM V2) [13]. The DEM data are 
available in GeoTIFF format and has a resolution of 1 arc-
second (30 x 30 m) grid.

Seismic analysis is based on the USGS Seismic Hazard 
Program [14] free earthquake catalogue (nearly 12,700 events 
with magnitude ≥ 6.0 on the Richter scale) for the statistical 
period from 1900 to 2025.

The data have been processed and explored using 
Geographic Information System (GIS) – SAGA-GIS [15] and 
LandSerf free software. 

Figure 1: Spatial distribution of the Earth’s Bouguer gravity fi eld [in mGal] [12,16].

Figure 2: Spatial distribution of strong earthquakes (M ≥ 6.0) worldwide [13,16].
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Results and discussion 

The results from the analysis of relationships of Bouguer 
gravity fi eld and worldwide strong earthquakes are presented 
in textual form in Table 1 and in visual form by Figure 3. An 
explanation and interpretation of the results is given further.

It is evident from Table 1 that strong earthquakes (M ≥ 6.0) 
occur in places with maximum variation of the Bouguer gravity 
fi eld (FD ≥ 2.6). In case of destructive earthquakes (M ≥ 7.0), 
the correlation is even stronger (95% - 100%). Figure 3 shows 
that the exceptions to the rule are related to specifi c geographic 
areas with specifi c behavior of seismicity. These are the Tibetan 
Plateau, the southern edge of the Australian plate, the western 
edges of the Nazca tectonic plate (East Pacifi c Ridge), and some 
sections of the Mid-Atlantic Ridge. These seismic events tend 
to be very shallow (focal depth ≤ 20 km). With the exception of 
the Tibetan Plateau (intercontinental collision), the remaining 
regions are associated with divergent tectonic boundaries. 
Within the Tibetan Plateau, we have negative Bouguer gravity 
values (due to the high elevation), while at the rest we have 
positive gravity values (Figure 1). This clearly demonstrates 
that the high seismicity and strong earthquakes are strongly 
related to the high stress accumulation in subduction zones and 
transform faults. These areas are characterized by the highest 
geodynamics. Strong earthquakes in these areas often alter 
Earth’s surface elevation, produce tsunamis, activate surface 
and submarine landslides, etc. All these secondary events kill 
people, cause infrastructure damage and lead to ecological 
disasters (e.g., the Fukushima accident) and strongly change 
the coastal and underwater biodiversity (especially within areas 
affected by huge tsunamis (for example, the 2004 Indian Ocean 

(Sumatra) tsunami, when a lot of specie s were eliminated for 
certain time and Japan tsunami (2011) with the same effects)).

From the engineering point of view, the antiseismic 
measures performed in the highly active seismic zones are 
always recommended. The Global practices indicate signifi cant 
variations in seismic codes and regulations across countries. 
During the last decade, only Europe has tried to unify the 
regulations (so-called EUCODE8), and this is considered 
a positive step towards the unifi cation of the antiseismic 
mitigation measures. 

The applied method does not pretend to be about 
fundamental novelty in the fi eld of comparison of gravity fi eld 
(BGA) and strong seismicity. Its aim is just to show a new 
approach, giving reasonable results and the possibility to use 
new tools in the fi eld of revealing the relationships between 
different geodynamic parameters. 

Conclusion

Based on the results obtained in the course of this research, 
the interrelationships between natural risk processes (natural 
hazard – strong earthquakes) and the fractal nature of Earth’s 
geodynamics were confi rmed. This study confi rms globally 
that the strongest earthquakes are closely related to the BGA 
with higher fractal dimensions due to the fragmentation of 
the gravity fi eld dictated by internal inhomogeneity of the 
density of Earth’s substrate. In this way, the fractal approach is 
becoming an increasingly important tool of the methodological 
scientifi c toolkit in the study of natural disasters and 
environmental changes. Fractal analysis facilitates the tracing 
of interrelationships in the spatial distribution of natural 
hazard processes.

Table 1: Relationship between strong earthquakes (M ≥ 6.0) with Bouguer gravity fractal surface presented by FD.

Bouguer gravity Earthquakes (total number/share)

FD Gradient All values (M ≥ 6.0) M 6.0 - 6.9 M 7.0 - 7.9 M 8.0 - 8.9 M ≥ 9.0

2.0 - 2.4 low 416 (3.27%) 401 (3.55%) 14 (1.08%) 1 (1.18%) -

2.4 - 2.6 medium 791 (6.23%) 731 (6.46%) 54 (4.19%) 3 (3.53%) -

2.6 - 3.0 high 11 483 (90.5%) 10 179 (89.99%) 1221 (94.7%) 81 (95.29%) 5 (100%)

Figure 3: Relationship between fractal model of global Bouguer gravity fi eld and strong earthquakes worldwide [16].
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