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From Micro- to Satellite Gravity: Understanding the Earth

The main physical principle of gravity method application is 
the difference in densities between the various geological, 
environmental, archaeological and other targets and host 
media. Gravity is one of the oldest geophysical methods and it 
is widely applied for knowledge of subsurface and deep Earth's 
domains. The present review displays multiscale examples of 
gravity field examination: from very detailed (delineation of karst 
terranes and archaeological targets) to regional investigations 
(development of 3D physical-geological models and satellite 
data examination of giant regions). Geographically the examined 
areas include the South Caucasus, the Dead Sea region, the 
Eastern Mediterranean and the Arabian-African region. Diverse 
methodologies of the gravity data processing, qualitative 
and quantitative interpretation, and results of 3D gravity field 
modeling are shown. It is demonstrated that integration of 
gravity field analysis with other geophysical methods (magnetic, 
paleomagnetic, thermal, seismic, etc.) significantly increases 
accuracy and reliability of developed physical-geological models. 
The further ways of evaluation of gravity data analysis are 
considered. 
Keywords: gravity noise, gravity f ield transformations, 
quantitative analysis, 3D gravity models, South Caucasus, 
Eastern Mediterranean, Arabian-African region, subsurface 
targets, regional reconstructions
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1. Introduction 

It is known that four physical forces control the 

Universe [1]. Gravity is most obvious and 

seems to be simplest from these forces. 

However, it is only apparent simplicity since the 

gravity field analysis in complex media is not a 

trivial task. Gravity as a physical effect plays a 

huge role both on its own and other laws and 

peculiarities. All the people lives (together with 

fauna and flora), different tectonic-geodynamic 

and meteorological processes and events, go 

on the gravitating rotating inhomogeneous 

ellipsoid, on which (besides all) influence other 

cosmic bodies.  

Comprehensive analysis carried out by 

Aleinikov et al. [2] indicates that even analyzing 

a simple case of gravitating rotating sphere 

consisting of the homogeneous hard envelope 

and liquid core, the physical-mathematical 

examination of stresses and deformations in 

the Earth is sufficiently complex. These 

difficulties are dramatically increase by transfer 

to the real inhomogeneous ellipsoid consisting 

of numerous geological-geophysical boundaries 

and slabs. 

Development of the modern generation of 

surface field gravimetric equipment enables the 

explorer to register measurements promptly in 

1 microGal (10-8 m/s2) and tenths of Eötvös (1E 

= 10-9 1/s2). It opens up new opportunities for 

solving earlier unacceptable problems in the 

gravity field analysis. Satellite gravity 

measurements covered almost all the Earth, 

and accuracy of the data retracked to the 

marine and land surfaces is about 1 mGal (10-5 

m/s2) [e.g., 3-5]. 

The conventional gravity data processing and 

reductions are presented in detail in many 

books [e.g., 6-15]. Thus, the author preferred to 

concentrate on the gravity method application 

to solve various geological-geophysical 

problems, mainly using his own experience.  

The size of the paper does not allow to display 

all the variety of gravity field examinations. 

Therefore, here shown only some characteristic 

examples of gravity studies in environmental 

and archaeological geophysics, localization of 

economic deposits, regional geophysical 

investigations and satellite gravity examination. 

Nevertheless, the author hopes that the 

presented examples accompanied by some 

brief reviews clearly show significance of the 

gravity data analysis in understanding the 

Earth' structure and its subsurface/environment. 

The examples shown in the paper evidently 

indicate that in complex geological situations 

combining gravity field analysis with other 

geophysical methods (magnetic, 

paleomagnetic, thermal, seismic, etc.) sharply 

increases interpretation reliability and accuracy.   

 

2. Different Kinds of Noise in Gravity Field 

Examination 

A gravity survey is the geophysical method 

most affected by different kinds of noise 

(disturbances). A chart showing the different 

types of typical noise factors is presented in 

Figure 1 (after [16]). These types of noise are 

described in more detail below.  

Artificial (man-made) noise. The industrial 

component of noise mostly comes from surface 

and underground engineering constructions, 

transportation and communications lines, 

garbage dumps, etc. The instrumental 

component is associated with the physical-

technical properties of gravimeters (e.g., shift 

zero) and gradiometers. Human errors of 

different kinds, obviously, will accompany 

geophysical observations at any time. Finally, 

undocumented (poorly documented) results of 

previous surveys can misrepresent preliminary 

Physical-Geological Models (PGM) 

development. 

Natural disturbances. Nonstationary noise 

includes, for instance, known tidal effects. 

Meteorological conditions (temperature, rain, 

lightning, snow, hurricanes, etc.) can also affect 

gravimeter readings. Corrections for the 

atmosphere deserve special attention in 

microgravity investigations, since the air layer 
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Figure 1. A generalized block-scheme of noise in gravity investigations (modified after [16]). 

 

Figure 2. Negative effect of gravitational anomalies from a local anomalous body observed on 

inclined and horizontal profiles (after [11], with significant modifications. (a) smooth slope, (b) 

complicated slope. (1) Profile flowing the relief points; (2) horizontal profile; (3) anomalous body 

with a positive contrast density Δ𝜎 = 1500 kg/m3; anomaly Δ𝑔B after the topographic mass 

attraction correction: (4) along profile (1), (5) along profile (2). 
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attraction is different at various levels over and 

below the m.s.l. Soil-vegetation factors 

associated with certain soil types (e.g., swampy 

soil or loose ground in deserts and in some 

other areas) and dense vegetation, which may 

hamper movement along the profile, also need 

to be taken into account.  

Geological-geophysical and environmental 

factors. This group presents the most 

significant physical-geological disturbances. 

The application of gravity method depends 

primarily on the existence of density contrast 

between the objects under study and the 

surrounding medium.  

The physical limitation of method application 

assesses the measurable density contrast 

properties between the anomalous targets and 

the host media, as well as corresponding size 

of targets and depths of their occurring.   

Spatial coordinates and normal gravity field 

determination are also vital to gravity field 

analysis and any inaccuracies here may cause 

significant errors in subsequent analyses. 

Uneven terrain relief can impede the observer's 

movement and restrict gravity data acquisition. 

Physically, this kind of gravity noise is affected 

by the form and density of the topographic 

features composing the relief, as well as 

variations in the distance from the point of 

measurement to the hidden target [11]. 

Calculations of the effects from the surrounding 

terrain relief (sometimes for radii up to 200 km) 

are also of great importance [10,17].  

The variety of anomalous sources is composed 

of two factors: the variable surrounding medium 

and the variety of anomalous targets. Both 

these factors are crucial and greatly complicate 

the interpretation of magnetic data.      

Variable subsurface can make it difficult to 

determine the correct densities of bodies 

occurring close to the earth’s surface. 

Local and regional trends (linear, parabolic or 

other types) often mask the target gravity 

effects considerably [e.g., 7,10,11,17]. 

Sometimes regional gravity trend effects may 

exceed local desired anomalies by some 

tenfold. 

Let us consider the last disturbing factor in 

detail. The correct removal (elimination) of 

regional trends is not a trivial task [e.g., 10,13]. 

Figure 2 shows two cases of non-horizontal 

gravity observations with the presence of an 

anomalous body occurring closely to the earth's 

surface. For a 3D gravity field computation 

(here and in other presented gravity field 

computations) a developed GSFC (Geological 

Space Field Computation) software was 

employed. The basic algorithm realized in the 

GSFC program is the solution of the direct 3-D 

problem of gravity and magnetic fields for the 

horizontal polygonal prism by limited in the 

strike direction [18]. 

The distorting effect of a non-horizontal 

observation line occurs when the anomalous 

target differs from the surrounding medium by 

density that produces an anomalous vertical 

gradient. Analysis of the gB anomalies 

observed on the horizontal and inclined rugged 

relief indicates that the gravity effects in these 

situations are cardinal different (Figure 2). 

Despite the fact that the free air and Bouguer 

reductions were applied to the observations on 

the inclined relief, the computed Bouguer 

anomaly is characterized by small negative 

values (minimum) in the downward direction of 

the relief, whereas the anomaly on the 

horizontal profile has no negative values. 

Theoretically it is not possible since the gravity 

effect from body with a positive contrast density 

(1500 kg/m3) occurring in the homogenous 

medium must be only positive and tends to zero 

at far distances from the target. 

Thus, applying the conventional corrections 

does not eliminate this trend because the 

observation points for the anomalous object are 

significantly different and the large anomalous 

body occurs closely to the observation points 

[11]. Hence, a special methodology is required 

for gravimetric quantitative anomaly 

interpretation in the conditions of rugged relief 

[16]. 



Lev V. Eppelbaum, AJGRR, 2017; 1:3 

 AJGRR: http://escipub.com/american-journal-of-geographical-research-and-reviews/      0005

Figure 3. Quantitative analysis of gravity anomaly by the use of advanced methods developed in 

magnetic prospecting 

 

Figure 4. Quantitative analysis of gravity anomaly on inclined profile from a buried sphere 
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Figure 5. Computing of horizontal derivatives of gravity field for the models of closely located karst 

bodies. (A) Computed gravity curve (level of computation: 0.3 m), (B) Calculated first horizontal 

derivative of gravity field gx, (C) Calculated second horizontal derivative gxx, (D) Physical-

geological model (after [24], with modifications) 
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3. Quantitative analysis of gravity anomalies  

It is known that conventional methods of 

gravity anomaly quantitative analysis, 

utilizing amplitude changing at definite 

distances from the anomaly center [e.g., 

10], are correct only in simplest situations.   

The gravity field intensity F is expressed as 

[e.g., 12]: 

WgradF ,                               (1) 

where W is the gravity potential. 

For an anomalous magnetic field Ua one can 

write (when the magnetic susceptibility is  0.1 

SI units) [11]: 

VgradaU ,                           (2) 

where V represents the magnetic potential.   

Let us consider analytical expressions of some 

typical models employed in magnetic and 

gravity fields (Table 1). 

 

Table 1. Comparison of some analytical expressions for magnetic and gravity fields 

Field Analytical expression 

Magnetic Thin bed (TB) 

      
22

22
zz

z
bIZv


        (3) 

Point source (rod)  

     
  2/322 zz

mz
Zv


        (4) 

Gravity  Horizontal Circular Cylinder 

(HCC) 

     
22

2
zz

z
Gg


         (5) 

          Sphere 

 
  2/322 zz

z
GMg


   (6) 

 

Here Zv is the vertical magnetic field component 

at vertical magnetization, I is the magnetization, 

b is the horizontal semi-thickness of TB, m is 

the elementary magnetic mass, z is the depth 

to the center of the body (for HCC and sphere) 

and the depth to the upper edge of TB and rod 

(point source), and M is the mass of the sphere.  

It is clear that expressions (1) and (2) are 

analogical and equations (3) and (5), (4) and 

(6), respectively, are proportional.  

Thus, we can apply the advanced interpreting 

methodologies developed in magnetic 

prospecting for complex environments [11,16] 

to gravity field analysis. For instance, we can 

interpret anomalies from the gravity HCC by 

formulas employed in the magnetic TB 

(improved tangent, characteristic point and 

areal methods). 

We can also calculate the “gravity moment” 

(analogically to “magnetic moment” used in 

magnetic field examination), which can be used 

for classification and ranking of gravity 

anomalies produced by various kinds of targets. 

For example, the “gravity moment” of horizontal 

circular cylinder (HCC) can be calculated by the 

use of the corresponding equation for the 

magnetic thin bed (TB) [16]: 

,
2

1 hgM ag                              (7) 

where gM  is the gravity moment, ag is the 

amplitude of the gravity anomaly (in mGal) and 

h is the depth of the HCC occurrence (in 

meters). 

A significant number of field areas are located 

in conditions of rugged terrain relief. Uneven 

observation profiles (or areas) are responsible 

for variations in the distance from the points of 

measurement to the anomalous target and can 

impede quantitative examination of gravity 

anomalies [16]. If anomalies observed on an 

inclined profile, the obtained parameters 

characterize a certain fictitious body. 

Calculating real body parameters from fictitious 

body parameters can be done by applying the 
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following expressions (the subscript “r” stands for a parameter of the real body):               













xhx

xhh

r

r

0

0

tan

tan




,                            (8) 

where h is the depth of the upper edge 

occurrence, xo is the location of the source’s 

projection to plan relative to the extremum 

having the greatest magnitude, and 0 is the 

angle of the terrain relief inclination (0 > 0 

when the inclination is toward the positive 

direction of the x-axis). 

A model of karst cavity presented in Figure 3 

occurs at the boundary of two layers with 

different densities. Quantitative examination of 

this anomaly by the use of conventional method 

[e.g., 7] leads to large mistakes. At the same 

time, employment of quantitative interpretation 

methods developed in magnetic prospecting 

(improved modifications of tangents, 

characteristic points and areal method) [e.g., 

19,20] enabled to determine a center of this 

anomalous body with high accuracy (Figure 3). 

Calculated gM   in this example is 

m.mGal805.0mGal23.0m7
2

1   

An example of interpreting a gravity anomaly 

from a buried cavity on an inclined profile is 

presented in Figure 4. It should be noted that if 

the borehole is drilled on the projection of the 

gravity anomaly minimum to the earth’s 

surface, the borehole which will be drilled at this 

point would not localize the target (due to the 

disturbing effect of the inclined relief). 

Application of the improved modification of 

tangent method [16] together with Eq. (8) was 

used to obtain the position of the cavity center 

(bold red point in Figure 4) with sufficient 

accuracy. gM   in this example consists of 

m.mGal092.0mGal0175.0m5.10
2

1   

 

4. Some Implementations of Gravity Field 

Analysis 

4.1. Geological-geophysical mapping 

As a rule, gravity method is a necessary 

component of geological-geophysical mapping 

of different scales [e.g., 7,10,11, 15-17]. 

Delineation of faults is one of the most 

important tasks of the mapping. The main 

geological-geophysical indicators of various 

faults reflected in gravity and magnetic fields 

are summarized in Table 2. 

 

Table 2. Gravity and magnetic fields over faults (after [17], with modifications) 

Types of fractures Geological characteristics Reflections in fields 

Faults – channels for 
magma flows  

Fractured zones filled with basic rocks 

Intrusions or volcanic centers localized 
along fractured zone 

Linearly elongated positive anomalies 

Chain of near-isometric maxima, or 
sometimes minima 

Contemporaneous 
(growth) faults 

Abrupt changes in lithological composition, 
facies and deposit thickness on both sides 
of a fault  

Change of sign or behavior of the same 
sign field at the fault 

Faults fixing vertical      
displacement of 
geological blocks 

Abrupt changes of boundary positions 
separating a section into individual 
structural facial complexes 

 

Crush zone due to differentiated movement 
of conjugated blocks along the fault  

Zone of high field gradients (an additional 
criterion is an abrupt change in occurrence 
depth for upper or lower anomalous mass 
edges) 

Chain of linearly elongated magnetic and 
gravity minima coincident in plan 

Faults fixing horizontal 
displacement of 
geological blocks 

Horizontal rock displacement determined by 
comparing age, structural and facies 
features of rocks on both sides of a fault  

Rupture and echelon displacement of 
zones with linearly elongated anomalies, 
abruptly inflected isolines 

 

4.2. Environment 

4.2.1. Karst terranes 
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Figure 6. A. Satellite derived gravity map with location of the Ghor Al-Haditha site (eastern coast of 

the Dead Sea, Jordan). B. An initial physical-geological model along the profile in this site, 

developed on the basis of 3D gravity field modeling (surface data) (after [26], with modifications). 



Lev V. Eppelbaum, AJGRR, 2017; 1:3 

 AJGRR: http://escipub.com/american-journal-of-geographical-research-and-reviews/      0010

 

Figure 7. Comparison of Bouguer gravity and vertical gradient anomalies for a model of buried 

pavement. (A) Bouguer gravity, (B) vertical gradient gz (Wzz) computed for the base of 1.2 m, (C) 

archaeological sequence (after [43]) 
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Microgravity is one of popular methods for 

delineation of such dangerous geological 

phenomen as karst terranes [e.g., 16, 21-27].  

Sometimes karst terranes occur at a close 

distance one from other (Figure 5). For their 

prompt identification, such a simple mean as 

calculation of the second horizontal derivatives 

of gravity field (gxx) can be applied. Interestingly 

to note that a small positive gravity anomaly in 

Figure 5A, testifying presence of two 

anomalous bodies, can be recognized only with 

essential difficulties. Graph gx shown in Figure 

5B is more informative, but graph gxx (Figure 

5C) allows to fully recognize the form of the 

buried bodies (Figure 5D). 

The Ghor Al-Haditha area is located in the 

northeastern Dead Sea basin (Jordan) where 

many karst terranes were developed during the 

last decades [26,28]. However, microgravity 

application in the areas closely disposed to the 

Dead Sea coasts are strongly disturbed by the 

greatest negative horizontal gravity gradient 

(Figure 6A) caused by accumulation of many 

km of loose deposits and salt within the Dead 

Sea Transform [24]. Analysis of different types 

of gravity gradient elimination allowed to select 

the local polynomial regression as the most 

effective method. Figure 6B displays the god 

fitting between the obtained residual gravity 

field (after removing the regional gradient 

background) and the results of 3D gravity field 

modeling over the buried sinkhole [26].  

4.2.2. Cavities in lava flows and underground 

tunnels 

Microgravity can also be effectively applied for 

delineation of cavities in lava flows [e.g., 29,30], 

and localization of underground tunnels [31-33].  

4.2.3. Moon-Sun-Earth gravity system 

Studying gravity fields of the Sun and Moon can 

help to predict the number of dangerous 

atmospheric events on the Earth. Eppelbaum 

[34] and Eppelbaum and Isakov [35] proposed 

to compute the tornado season prediction 

model based on the fast Fourier transform 

coefficients from the tornado spectrum, which 

coincide with the coefficients from the Sun–

Moon–Earth gravitational/magnetic system. 

Proposed methodology was successfully tested 

on the number of tornado appearing in 2011-

2015 seasons in the USA. Obviously, these and 

similar studies of the Moon-Sun gravity 

influence to the Earth's environment must be 

continued. 

4.3. Archaeology 

Numerous archaeological publications [e.g., 18, 

36-44] indicate that the ancient objects 

supposed for examination by the use of 

microgravity survey may be classified (in the 

decreasing order of effectiveness) by the 

following way: (1) pyramids and compatible 

objects, (2) underground ancient cavities and 

galleries, (3) walls, remains of temples, 

churches and various massive constructions,  

(4) pavements and tombs, (5) Roman 

aqueducts [under favorable physical-geological 

environments], (6) areas of ancient primitive 

metallurgical activity (including furnaces) [under 

favorable physical-geological environments]. 

Examining the different archaeological targets 

in Israel, it was supposed that microgravity 

method might be effectively applied at least on 

20-25% of the ancient sites [18]. Apparenty, in 

the world archaeology this number may consist 

of 15-20%.  

It is necessary to underline that physical 

measurement of vertical gravity derivatives in 

many cases cannot be replaced by computing 

of this parameter obtained by any 

transformation procedures: the second vertical 

derivative of gravity potential Wzz values 

computed from the field gB, as rule, show 

decreasing values comparing with the Wzz 

obtained from physical measurements. A 

simplified model example of buried pavement 

delineation (pavement excavated at the 

Megiddo site (northern Israel) was utilized as a 

generalized physical-geological model) is 

presented in Figure 7. A buried pavement 

having the positive density contrast of 400 

kg/m3 and occurring at a depth of 1.8 m in 

uniform medium could be easily recognized by 
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the microgravity survey (Figure 7A, anomalous 

effect from two bodies). Let us will assume a 

low-density layer (2100 kg/m3) over the 

pavement (Figure 7C). It makes the delineation 

of the pavement practically impossible in field 

conditions (registered anomaly is oscillating 

about 1 microGal) (Figure 7A, anomalous effect 

from three bodies). At the same time, values of 

the second vertical derivative of gravity 

potential (Wzz) (computed for the levels of 0.3 

and 1.5 m) with a measurable accuracy testify 

to presence of a disturbing body (Figure 7B). 

4.4. Engineering monitoring 

4.4.1. Monitoring of natural and artificial 

processes  

Microgravity monitoring can be effectively 

applied for control of gas volume in natural and 

artificial reservoirs [e.g., 8; 45-47], inspection of 

the underground water levels [e.g., 48-50], and 

for computing of water flow geodynamics [e.g., 

51]. 

4.4.2. Remote Operative Vehicle gravity survey  

Employment of low-altitude Remote Operative 

Vehicle (ROV) could significantly extend the 

possibilities of gravity studies/monitoring, 

especially in such practically inaccessible areas 

as swamps, bush/forest, mountainous regions 

with severe relief, etc. Recent publication [52] 

proposes to employ chips gravity 

measurements at the near future. For 

increasing accuracy of positioning, a non-

conventional Kalman filtering model with the 

wide-band noise model [20] can be applied. 

Besides this, prompt and low-cost multilevel 

gravity observations will meaningfully increase 

the horizons of interpretation.  

4.5. Examination of geodynamic activity at a 

depth 

It is known that very precise gravity 

measurements may be applied for 

investigation of geodynamic activity at a 

depth [e.g., 53-58]. 

4.6. Monitoring of volcanic activity  

Monitoring of volcanic activity consists in 

revealing of newly arisen magma flows in the 

upper part of volcanic complexes and 

recognizing many other subsurface processes 

[e.g., 59-63]. 

4.7. Searching and localization of economic 

deposits  

Gravity prospecting is effectively applied for 

searching and localization of ore deposits: 

iron, chrome, copper, sulphide, 

polymetallic, nickel, molibdenum, 

manganese; hydrocarbon accumulations; 

underground water horizons and some 

other types of economic deposits [e.g., 

7,9,10,11, 14-16].  

4.7.1. Ore deposits  

The gravity method application for localization 

of ore bodies can be illustrated by a 

comprehensive gravity field examination in the 

Katekh polymetallic deposit (Filizchai ore field, 

northern Azerbaijan) (see its location in Figure 

11). The deposit is situated in the southern 

slope of the Greater Caucasus under conditions 

of severe rugged topography. A combination of 

latitudinal and longitudinal faults strongly 

complicates the deposit structure. The Katekh 

deposit was investigated by mining and drilling 

up to a depth of 500 m. The main ore minerals 

of the Katekh deposit are pyrite, sphalerite, 

chalcopyrite and galena [64].  

A 3-D combined modelling of Bouguer gravity 

(gB) and vertical component of the total 

magnetic field Z has been carried out using 

the following procedure. A detailed physical-

geological model of the Katekh deposit (length 

= 800 m, depth = 400 m) has been constructed 

(Figure 8A). Then, all the available data for this 

area on density and magnetic susceptibility 

were utilized. For enhanced calculation of the 

surrounding terrain topography, a digital terrain 

relief model (DTRM) was created. The 

expressed SW-NE regional topography trend in 
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Figure 8a. Computation of gravity (i) and magnetic (ii) fields due to a known geological section in 

the Katekh pyrite-polymetallic deposit; (iii) presents results of self-potential method application (after 

[18], with modifications) 

 

Figure 8b. (1) Quaternary loose deposits; (2-4) Middle Jurassic deposits: (2) massive fine- and 

meso-grained sandstones, (3) interbedding of shales and sandstones, (4) rhythmical alternation of 

siltstones and shales; (5) disjunctive dislocations; (6) upthrust-overthrusts; (7-9) pyrite-polymetallic 

ores: (7) spotty-disseminated, (8) veiny-clastic, (9) massive; (10) ore bodies introduced as result 

of 3-D gravity modeling; (11) prospecting boreholes: (a) in the profile, (b) projected to the profile; 

(12) adits: (a) in the plane of the geological section, (b) projected into the plane of the geological 

section; (13) graphs of gravity and magnetic fields: (a) observed (solid line), (b) computed (spots); 

(14) physical properties: numerator = density, g/cm3, denominator = magnetization, mA/m (after 

[18], with modifications) 
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Figure 9. Integrated geophysical investigations in mines of Katsdag deposit (southern slope of the 

Greater Caucasus) (after [65], with modifications).(1) shales, (2) interbedding of shales, sandstones 

and siltstones, (3) dioritic porphyry, (4) oxidizing zone, (5) polymetallic ores of I and II zones, (6) 

faults, (7) apparent beds of redundant: density (a) and thermal conductivity (b), (8) current axes 

revealed by the VLF method   
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the area of the Katekh deposit led to the 

selection of a DTRM with a length of 20 km and 

a width of 600 m (the physical-geological profile 

with a length of 800 m was located in the 

geometric center of the DTRM). Overall, 1,000 

characteristic points describing the DTRM (with 

these points located close to the center of the 

DTRM and more rarely on these margins) were 

utilized. 

The results of the first iteration of the gravity-

magnetic fields modeling indicate in that the 

plots of Z and USP (self-potential anomalies) 

are non-informative ones (Figure 8A). This is 

due to the peculiarities of the mineralogical 

composition: the practical absence of magnetic 

mineral pyrrhotite causes the non-magnetic 

nature of the ores; the large lead content 

hampers the oxidation-reduction reactions 

needed to trigger of intense SP anomalies. 

Thus, crucial geophysical information can only 

be derived from the gravity field analysis. The 

analysis of the observed and computed gravity 

fields (Figure 8A) shows that the initial physical-

geological model has a certain deficit of 

anomalous masses. 3-D gravity field modeling 

was carried out by the use of about 35 

sequential iterations. It yielded the following 

results (Figure 8b): two massive ore bodies 

were discovered in the southwestern and 

northeastern segments of the deposit. The 

conclusion as to the presence of a hidden ore 

object in the southwestern portion of the profile 

is consistent with the results of independent 

investigations. A temperature anomaly of 0.5–

0.8 oC was recorded in the adit 8 during the 

underground geothermal investigations at 250–

300 m; the surface zone containing a large 

amount of lead and zinc was revealed at 150–

200 m of the section. 

An example of the underground gravity survey 

combined with thermal and VLF data 

examination (the author, as a student in the 

Geophysical Dept. of the Azerbaijan Univ. of Oil 

& Chemistry, took part in these field works) in 

the Katsdag polymetallic deposit is presented in 

Figure 9. The Katsdag polymetallic deposit is a 

part of the Filizchai ore field situated in the 

southern slope of the Greater Caucasus (see 

Figure 11). It located in conditions of severe 

rugged relief; the main geological tool of this 

deposit investigation were several mines and 

boreholes. Employment of gravity survey in 

mines integrated with other geophysical 

methods enabled to delineate earlier unknown 

ore bodies [65]. The peculiarities of the 

underground gravity studies are given, for 

instance, in [66]. 

Interestingly to note that detailed gravity-

gradient examination of V.I. Segalovich enabled 

to discover in the 1960s a rich chrome deposit 

in the Kempersai area of Kazakhstan [8]. 

4.7.2. Hydrocarbon deposits  

Effective examples of calculation of the second 

vertical derivatives of gravity field for 

delineation of anticline structures in 

hydrocarbon-bearing areas of Texas and 

Oklahoma are shown in [67].  

Proposed by Berezkin [68] the total gradient 

method (complex nonlinear filter band-pass 

filter) of gravity data processing has shown to 

be effective to delineate the hydrocarbon 

deposits in Russia, Kazakhstan, South 

Caucasus, Near and Middle East and in other 

regions of the world. 

Tzimelzon [69] in the Middle Kur Depression 

(Azerbaijan) (see Figure 11) performed one of 

effective gravity survey examinations in 

hydrocarbon geophysics. His gravity data 

analysis permitted firstly to discover the 

Muradkhanly anticline structure (Figure 10) 

where afterwards a rich oil deposit was 

discovered. Later Gadirov and Eppelbaum [70] 

unmasked the composition of the Muradkhanly 

gravity anomaly by the way of its subdivision to 

separate components. 

4.8. 3D combined gravity-magnetic field 

modeling 

4.8.1. Azerbaijan and South Caucasus 

The complexity of Azerbaijan’s territory 

geological structure is caused by its location 

within the Alpine-Himalayan Tectonic Belt 
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Figure 10. Gravity method as a successful tool for delineation of the buried Muradkhanly structure 

(after [17,69] (1) difference gravity field gB(0-10), mGal: (a) positive, (b) negative; (2) contour of the 

Muradkhanly uplift according to seismic prospecting data and results of drilling.  

Note. gB(0-10) is the difference between the gravity field in the Bouguer reduction observed at the earth' 

surface and analytically continued to the level of 10 km. 
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Figure 11. Areal map of some profiles used for physical-geological modeling in Azerbaijan and 

adjacent regions (after [72], with small modifications) (1) profiles and pickets, (2) Pg3-Q: (a) orogenic 

magmatic associations, (b) background sedimentary deposits, (3) K2-Pg2: (a) pre-orogenic magmatic 

associations, (b) background sedimentary deposits, (4) J3-K1: (a) magmatic associations of the Late 

Alpine sub-stage, (b) background sedimentary deposits, (5) J1-J2: (a) magmatic associations of the 

Early Alpine sub-stage, (b) background sedimentary deposits; (6) Pz deposits, (7) contour of the 

Guton magnetic anomaly, (8) tectonic regions: I – Nakhichevan folding region, II – SE part of the 

Lesser Caucasus mega-anticlinorium, III – central and SE parts of the Kur mega-synclinorium, IV – 

SE part of the Greater Caucasus mega-anticlinorium, V – Talysh anticlinorium 

 

Figure 12. Fragment of gravity and magnetic field analysis along profile 18 (location of this profile is 

shown in Figure 11) (after [72, with modifications) (1) Bouguer gravity field gB, (2) magnetic field 

Z, (3) first horizontal derivative of gravity field 
x

gB




, (4) contour of magnetized body, 

magnetization and position of magnetization vector, (5) contour of body determined by analysis of 

x
gB



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(AHTB) [e.g., 64,71,72]. The NE part of 

Azerbaijan is a fragment of the Pre-Caucasian 

foreland composed by Cenozoic terrigenous 

sediments. Carbonate Paleozoic strata and 

Cenozoic magmatic formations are mixed in the 

heterogenic Nakhichevan folding system 

located in the SW part of Azerbaijan (Figure 

11). Stratified Cenozoic and Mesozoic thick 

(predominantly, sedimentary) strata are 

presented at the mega-anticlinorium of the 

Greater Caucasus. The prevalence of Mesozoic 

magmatic formations is typical for the mega-

anticlinorium of the Lesser Caucasus. The Kur 

mega-synclinorium, divides the Greater and 

Lesser Caucasus and characterizes by an 

accumulation of thick (up to several kilometers) 

Cenozoic terrigenous sediments. The Talysh 

anticlinorium with a wide distribution of 

Paleogene magmatic associations is situated 

on the SE flank of the Kur depression [64]. 

The most ancient pre-Baikalian (pre-Cadomian) 

structural complex is characterized by a sub-

meridional strike [73]. A less metamorphosed 

Baikalian complex is rumpled to latitudinal folds 

in separate areas. The Caledonian complex is 

practically unknown. The Hercynian complex is 

characterized by a Caucasian strike alike to the 

overlying Mesozoic rocks.  

The Alpine tectono-magmatic cycle is 

distinguished by more complete geological 

data. For Azerbaijan territory is generally typical 

frequently changing of rocks both on vertical 

and lateral, presence of multifarious fold and 

fault structures of different orders, regional and 

local metamorphism [64]. All these factors 

complicate development of the reliable 

physical-geological models of the region under 

study.   

Advanced interpretation methods (improved 

modifications of tangents, characteristic point 

methods and areal method) were employed to 

examine gravity and magnetic anomalies along 

all profiles crossing and surrounding the 

SuperDeep borehole (SD-1) in the Saatly area 

of Azerbaijan (Figure 11). Figure 12 shows a 

fragment of this interpretation along Profile 18. 

It is clear that the behavior of the magnetic Z 

curve and graph 
x

gB




are very simular, 

which testifies to the fact that these anomalies 

are produced by the same geological targets. 

Quantitative examination of magnetic curve Z 

enabled to delineate two magnetic objects. The 

main target speciously is a source of the 

Talysh-Vandam gravity anomaly (TVGA) (its 

upper surface agrees with the data obtained 

from SD-1 drilling) [64]. The obtained data were 

utilized at the stage of construction of Physical-

Geological Model (PGM) of a first 

approximation [16]. 

Figure 13 shows an integrated key PGM 

(gravity + magnetic + seismic + thermics) of the 

deep structure along profile No. 9. This PGM 

clearly indicates the main sources of gravity 

and magnetic anomalies in this area. 

Obviously, the main source of the TVGA is 

associated with the underlying highly dense, 

strongly metamorphosized (initially chiefly 

sedimentary associations) non-magnetic or low-

magnetic Pre-Baikalian (Pre-Cadomian) stage 

(this stage has a submeridional strike in the 

Russian and Nubian plates) [17]. The depth of 

the upper edge of these highly dense rocks was 

estimated at 9.5 km. An example of 3D 

combined modeling of gravity and magnetic 

fields along Profile 1 (see scheme of profiles 

presented in Figure 11) is shown in Figure 14 

[74]. Profile 1 crossing the Lesser Caucasus 

indicates the very intricate geological structure 

of this region. The Late-Alpine effusives in the 

PGMs reflect an ophiolite zone (ancient ocean 

crust). It is thought that the same geological 

associations occur in the north-east immersion 

of the Lesser Caucasus. In the southern part of 

the PGM pre-orogenic and orogenic intrusive 

and effusive rocks are fixed. In the northern 

part of this profile thick sedimentary deposits 

are developed. The Moho discontinuity is 

smoothly uplifted from south to north from a 

depth of 52 km up to 42 km [72]. Such a Moho 

boundary behavior overall agrees with the 

latest data of the deep seismic profile re-
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Figure 13. Deep geological section of the Earth’s crust in SD-1 area along profile 9 (location of 

this profile is shown in Figure 11) (after [74], with small modifications) A: gravity and magnetic 

fields observed and computed for model B; B: petrophysical model, C: geological model Observed 

fields: (1) gB, (2) Z; fields computed from the model B: (3) gB, (4) Z; (5) boundaries of the 

velocity and the density heterogeneities and their indices, (6) diffraction points, (7) body number 

(numerator) and density value, g/cm3 (denominator), (8) geological bodies with the magnetization 

of 2,500 mA/m (a) and 2,800 mA/m (b), (9) projection of the Curie surface constructed on the 

basis of geothermal data analysis, (10) sub-vertical boundaries obtained by the use of magnetic 

(a) and gravity (b) field modeling, (11) Cenozoic, (12) Mesozoic, (13) G complex (velocity 
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analogue of the “granitic” layer), (14) Bu and Bl subcomplexes of B complex (complex B is the 

“basaltic” layer velocity analogue), (15) B1 complex (presumed basite and eclogite composition), 

(16) M complex (presumed peridotite composition), (17) Cenozoic complex: mainly terrigenous 

deposits, Mesozoic complex: (18) terrigenous-carbonaceous formations, (19) mainly effusive 

associations of basic and intermediate composition, (20) mainly Baikalian (Cadomian) complex 

(Pt2-Pz): metamorphic (primarily terrigenous) associations (the presence of younger deposits is 

possible in the upper part), (21) Pre-Baikalian (Pre-Cadomian) complex (Ar2-Pr1): mainly gneisses 

and marbles, (22) ancient complex (Ar1): gneisses and amphibolites, (23) root of the basic 

magmatism, (24) undivided effusive-intrusive complex, (25) rock complex of a low density 

(serpentinization zone ?), (26) complex of associations corresponding to the crust-mantle 

transition, (27) upper mantle roof position, (28) large fault zones 

 

 

Figure 14. Physical-geological model along Profile 1: Mez-Mazra – Kedabek - Dzegam-Djirdakhan 

(location of the profile is shown in Figure 11) (after [74], with modifications). Description of 

sedimentary rocks is omitted for simplicity. Solid red and black lines show observed magnetic, 

gravity fields, and red and black dots – computed magnetic, gravity fields, respectively.  
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Figure 15. Overview map of the region. The study area is outlined by a black rectangle. Orange dot 

lines indicate boundaries between tectonic plates  
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interpretation [75]. Depths of the magnetized 

bodies' lower edges were estimated based on 

various geophysical field analyses [76]. Here 

were recognized such classes of anomalous 

objects as acid intrusions of lower 

density/magnetization, basic magmatic rocks of 

heightened density/magnetization, and fault 

zones of different order. It was found that the 

contrast density boundaries are associated 

mainly with the base of the Cenozoic 

sedimentary strata and, to a minor degree, with 

the base of the Alpine complexes. The results 

of carried out 3D magnetic-gravity modeling 

indicate that geomagnetic boundaries are 

associated mainly with the roof and bottom of 

the Mesozoic stage. 

4.8.2. Eastern Mediterranean 

3D combined gravity-magnetic modeling has 

been successfully performed along seismic 

profiles I, II and III in the Eastern Mediterranean 

[77]. Location of these profiles accompanied by 

some tectonic setting is shown in Figure 15. 

Example presented in Figure 16 displays the 

final PGM along the profile crossing the Sea of 

Galilee (profile A – B) developed by the use of 

3D combined gravity-magnetic field modeling 

(location of this profile is presented in Figure 

15). A preliminary PGM of this profile was 

constructed on the basis of [78-84].  

The preferences of integrated gravity-magnetic-

paleomagnetic analysis are clearly 

demonstrated in Figure 16. Negative gravity 

anomaly along profile A – B (Figure 16-I) is 

caused mainly by the low dense sedimentary 

deposits and salt accumulations in the Dead 

Sea Transform zone within the Sea of Galilee. 

Such a model in general agrees with the 

seismic data. At the same time, comprehensive 

analysis of magnetic field behavior indicates 

that it cannot be explained by subsurface 

basalts effects (and by effects from any basaltic 

plates occurring at low depth) (Figure 16-II). 

Such a behavior may provide only a deep 

crystal block with an inverse magnetization 

(Figure 16-IV). A crystal (basaltic) block with 

the similar direction of magnetization was 

discovered earlier in the eastern part of profile I 

in the Eastern Mediterranean [77]. Petrographic 

and radiometric analyses of the Sinai and 

Arabian shields (see Figure 15) indicate that 

here occur various complexes of Middle and 

Upper Precambrian among which dominate 

Neoproterozoic associations with a radiometric 

age of 600 – 1000 Ma [e.g., 85,86]. Numerous 

paleomagnetic examinations of Neoproterozoic 

display that in those rocks an inverse 

magnetization is prevailing [87,88]. A 

generalized paleomagnetic scale of 

Neoproterozoic (reconstructed by Y. Katz 

based on the numerous paleomagnetic 

determinations analyses) is demonstrated in 

Figure 16-III. Simple visual analysis of this 

scale indicates that the most intervals of the 

magnetic field inverse polarization relate to 605 

– 815 Ma. Thus, we can relate the discovered 

zone of inverse magnetization (taking into 

account the results obtained for profile I [77] 

and profile A – B (Figure 16)) (see the brightly 

yellow colored block) to Neoproterozoic 

(interval about 210 My, between 605 and 815 

Ma).    

4.9. Satellite derived gravity field 

analysis 

4.9.1. Eastern Mediterranean 

The Eastern Mediterranean is tectonically very 

intricate region located in the midst of the 

progressive Afro-Eurasian collision. Its 

geological-geophysical structure has been 

intensively investigated last 100 years but is still 

not fully understand. The Eastern 

Mediterranean represents a classic region for 

the plate tectonics interaction [e.g., 77; 89-99]. 

In addition, the discovery of significant 

hydrocarbon deposits in this region [e.g., 100-

102] in the last years clearly underscore the 

need for new regional tectonic-structural 

substantiation of hydrocarbon structures to 

support the prospecting.  

The findings showed that the new generation of 

the satellite derived gravity data could be used 

effectively for tectono-geological mapping [e.g., 

97,98, 103-106]. The satellite gravity data were 
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 Figure 16. Combined PGM constructed on the basis of 3D gravity-magnetic modeling and seismic 

data analysis along profile A – B (location of profile A – B is shown in Figure 15). Terranes Galilee-

Lebanon, Antilebanon and Judea-Samaria are shown also in Figure 18. I: Results of 3D gravity field 

modeling, II: Results of 3D magnetic field modeling, III: A generalized paleomagnetic scheme of 

Neoproterozoic, IV: Physical-geological model (after [72], with significant modifications).  
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obtained from the World Gravity Data Base as 

retracked from the Geosat satellite and ERS-1 

altimetry [107]. It should be noted that these 

observations were made with regular global 1-

minute grids [4,107] and the gravity data 

computation error was estimated at 1 mGal. 

Without hesitation, the enormous amount of 

satellite derived gravity data (from various 

satellite missions) and their extraordinary 

variety clearly make these observations fall into 

the category of 'big data' [e.g., 108,109]. 

The gravity map compiled in Figure 17 shows 

the intricate gravity pattern of this area (the 

isoline interval is 5 mGal; “zero” isoline is 

dashed and bolded). The positive and negative 

gravity anomalies (Figure 17) clearly reflect the 

majority of the structural-geotectonical units of 

the region. The map depicts both the main 

structural elements (e.g., Eastern 

Mediterranean basin), and the smaller 

depressions and highs of the neotectonic relief 

of the Nubean-Arabian and Anatolian plates. 

The map of first directional derivatives of the 

satellite-derived gravity field in a south-north 

direction is shown in Figure 18 (see also black 

rectangle in Figure 15). This direction was 

selected because the most geological 

structures in the Alpine Mediterranean belt area 

are characterized mainly by east-west 

extension [110,111] including the Mesozoic 

terrane belt [97,112]. The derivatives trace the 

main tectonic and geophysical features of the 

region, especially the boundary between 

continental and oceanic crust (revealed in [77]). 

The arcuate structure of the Alpine belt is 

distinct relative to trends in oceanic crust of the 

easternmost Mediterranean and in the 

Mesozoic terranes. In the main Alpine belt, the 

Taurids, South Taurids and Anatolides, 

terranes are visibly separated. Similarly, the 

Herodotus basin, west of the Eratosthenes 

Continental Block [102], together with the 

northern Mediterranean Ridge, outline a 

domain distinct from the Levantine Basin.  

4.9.2. Arabian-African region  

The Arabian-African region is of pronounced 

interest from many points of view: 

geodynamically (high seismic activity, active rift 

zones and collision processes), structurally 

(presence of mosaic block system of 

continental and oceanic Earth's crust of 

different age), geophysically (presence of 

several greatest gravity anomalies and intricate 

magnetic pattern) and economically 

(occurrence of the main hydrocarbon resources 

of the world). 

The studied area (coordinates: 0o – 38o North, 

and 30o – 57o East) occupies a huge region of 

the Near and Middle East and Eastern-Northern 

Africa. This area extends for almost 13 million 

km2 and examination of its tectonic and 

geodynamic features is of high importance 

[103, 112].  

Employment of the multidimensional statistical 

analysis (MSA) (Figure 19) is performed by the 

use of sliding window of adaptive 

rectangular/inclined form (it enables to compute 

effects from the geological targets with different 

locations along the strike); background gravity 

field was automatically detected. MSA 

calculation has been performed by the use of 

the KOSKAD software [113]. 

MSA implementation to the satellite derived 

gravity data enabled not only to delineate 

geodynamical parameters of the studied region 

(collision zone at the boundary between the 

Arabian and Eurasian Plates, and active rift 

zones between the Arabian, Nubian and 

Somalian Plates, etc.), but also to estimate 

some tectonic characteristics of the Earth's 

crust (Figure 19). The MSA map clearly shows 

zone of development of the oceanic crust of the 

Easternmost Mediterranean and zone of 

oceanic crust of the Gulf of Aden and eastern 

(oceanic) part of the Somalian Plate. Besides 

this, in this map the Arabian and East African 

active rift zones as well as collision zone 

between the Arabian and Eurasian Plates are 

visibly traced. Entropy calculation has been 
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Figure 17. Map of key satellite derived gravity anomalies of the Eastern Mediterranean (modified 

and supplemented after [99]). 

 

Figure 18. Map of spatial derivatives of the satellite derived gravity field of the Eastern 

Mediterranean (after [99], with modifications). (1) intraplate faults, (2) southern boundary of the 

Mediterranean accretionary belt, (3) main faults, (4) contour of the Kiama paleomagnetic zone. Blue 

line shows boundary between the Mediterranean Sea and land. ECB, Eratosthenes Continental 

Block, A, Antilebanon, J-S, Judea-Samaria, SF, Sinai Fault, DST, Dead Sea Transform.  
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Figure 19. Map of satellite derived gravity field transformed by use of the multidimensional statistical 

analysis supplemented by main plate tectonics units (after [103], with modifications). White lines 

indicate fault systems, and blue lines show boundaries between the land and marine areas.  
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Figure 20. Entropy map accompanied by general tectonic features (after [112], with modifications). 

Red lines indicate fault systems; yellow lines show boundaries of cratons and tectonic belts; white 

lines show boundaries between the land and seas (ocean).  
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carried out by the use of the KOSKAD software 

[113]. 

Obviously, computing an entropy map (Figure 

20) reproduces mainly deep tectonic elements 

of the region. Complex patterns of the entropy 

field in the SE part of the region reflect the 

transfer of mass from the Somalian Plate to the 

Indian Plate (this area is characterized by the 

most highly mosaic pattern). The entropy map 

analysis shows that the increase in entropy 

values corresponds to an elongation from the 

South to the North zone of ascending tectonic 

movements relating to the African-Arabian rift 

systems. This feature's formation may be 

explained by the fact that the lowest entropy 

values emerge in the near-equatorial zone at 

latitudes of 0 – 7.5o to the North, and the 

largest values appear at latitudes of 30 – 35o to 

the North; i.e., nearly the critical parallel zone of 

the conjugate deformation of the Earth's 

ellipsoid [114].  

5. Further Ways of Gravity Data Evaluation 

Analysis of gravity method evolution enabled to 

formulate the most perspective ways of gravity 

data in the near future: 

(1) 3D gravity (and combined gravity-

magnetic) field modeling will continue to be 

a powerful tool in the hands of interpreter 

with a good knowledge of geological 

disciplines.  

(2) Development of modern transformation 

methods for gravity field processing will 

produce new comprehensive knowledge 

about the Earth's structure and subsurface, 

especially for complex geological sections. 

(3) Quantitative analysis of gravity anomalies 

by the use of methodologies developed in 

magnetic prospecting for complex 

environments is perspective and its 

evaluation will be helpful.   

(4) Apparently, very precise gravity 

gradiometry (surface and airborne) may be 

employed for detecting various small 

targets in subsurface or recognizing some 

thin peculiarities of geological, 

environmental and artificial objects. 

(5) An important key way of the regional 

gravity data examination is increasing 

accuracy of satellite gravity analysis and 

simultaneously decreasing the distance 

between the grid points.  

(6) Investigation of the Moon-Sun gravity 

influence to the Earth's environment must 

be continued. 

(7) Increasing of the space positioning 

accuracy may trigger an extensive 

application of the ROV gravity low-altitude 

observations.  
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