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South Caucasus (including Azerbaijan) and Easternmost Mediterranean (including Israel) are located
within the Alpine-Himalayan tectonic belt and are characterized by complex and variable tectono-geological
pattern. To study deep structure of these regions several regional interpreting profiles indicating results of 3D
combined gravity-magnetic modeling were selected. Development of the initial physical-geological models
(PGMs) is realized by utilization of the known surface geology, drilling data examination, previous seismic,
magnetotelluric and thermal data analysis, careful investigation of the petrophysical (including paleomagnet-
ic) data, as well as qualitative and quantitative analysis of gravity-magnetic materials. After that an iterative
3D modeling accompanied by changing geometrical boundaries of geological bodies (and assuming new tar-
gets) and varying physical properties (density, magnetization and magnetic vector inclination) is started. This
process has been completed by development of final PGMs. Creating the final PGMs means not only deter-
mination of minimal difference between the observed and computed gravity and magnetic fields, but also
compliance of the models with the known geological principles (complex geological PGMs of the regions
under study often compose intricate structural-tectonic puzzles). The final PGMs reflect the key structural-
tectonic specifics of the regional geological structure, beginning from the subsurface (hundreds of meters) up
to the Moho discontinuity (tens of kilometers). The PGMs revealed primarily the boundaries of tectonic
blocks, masked faults, buried uplifts of basement, occurrence and form of various magmatic bodies, some
common factors controlling ore- and hydrocarbon bearing formations, and some other features. This investi-
gation briefly summarizes the principles and possibilities of advanced 3D combined modeling of gravity and

magnetic fields and presents several essential PGMs for the regions under study.

Introduction

The Alpine-Himalayan tectonic belt (AHTB)
includes an array of mountain ranges which extends
along the southern margin of Eurasia, stretching
from islands of Java and Sumatra through the Hima-
layan Mts., Mediterranean Sea, and out into the At-
lantic Ocean, on the total distance of about 16,000
km (Khain, 2000). The AHTB is a typical collision-
type orogenic belt formed during tens of million
years after the closure of the Mesozoic — Early Ce-
nozoic Tethys Ocean. It is characterized by an in-
tensive mountain building and rifting which were
accompanied by extensive plateau basaltic and an-
desite-latite magmatism (Sharkov et al., 2015).

The South Caucasus and Easternmost Medi-
terranean are the central segments of this tectonic
belt, but their geological structure is strongly differ-
ing (see corresponding sections below). Seismic
analysis is accepted now as a leading (and expen-
sive) geophysical method for deep structure investi-
gation. However, not in all situations (especially for
the areas with the predominant distribution of sub-
vertical targets) seismic analysis may provide effec-
tive and reliable results. At the same time compre-

hensive analysis of comparatively inexpensive grav-
ity-magnetic data can not only to significantly ex-
tend the seismic data interpretation, but also to ob-
tain data which are not unattainable by the seismic
data examination. A 3D combined gravity-magnetic
modeling is the most powerful and simultaneously
is the most complex interpretation tool of potential
geophysical field analysis. Its effective application
suggests besides the obvious physical-mathematical
basis the good knowledge of geological methods of
analysis on the whole and familiarity with a con-
crete geology of the region under study.

Preferences of integrated interpretation

Gravity-magnetic data processing is generally
intended to reduce and eliminate noise factors of
different origins and intensities. The main problem
faced by qualitative interpretation is to single out a
desired target, whereas quantitative interpretation
needs to determine and refine the target parameters.
Thus, geological problems need to be resolved in
terms of: (1) the capabilities of the geophysical
method selected for measurements of the field con-
taining the information required, (2) the physical
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properties of the medium under study and their ca-
pability to generate detectable signals (anomalies),
(3) the methods for data processing and interpreta-
tion; namely, their ability to extract information
from geophysical fields and reveal the effects from
the geological targets. Figure 1 presents a general
flow-chart for analysis and synthesis of geophysical
data for complex regions. Each step in this flow-
chart is divided into sub-steps with more concrete
formulation (Khesin et al., 1996).

Estimation of efficiency of geophysical inte-
gration from the probabilistic and information
points of view is considered in detail in Eppelbaum
(2014b). Interestingly that from analysis of a classi-
cal “Four Color Problem” follows that two geo-
physical method applications theoretically is suffi-
cient for successive mapping of the area of any geo-
logical complexity (Eppelbaum, 2014a). Undoubt-
edly this fact supports the theoretical basement of
3D combined gravity-magnetic field modeling.

Short description of the employed algorithm

The GSFC (Geological Space Field Calcula-
tion) program was developed for solving a direct 3-D
gravity and magnetic prospecting problem under
complex geological conditions (Khesin et al., 1996;
Eppelbaum and Khesin, 2004). This program has been
designed for computing the field of Ag (Bouguer, free-
air or observed value anomalies), components of mag-
netic field AZ, AX, AY, total magnetic field AT, as well
as second derivatives of the gravitational potential
under conditions of rugged relief and inclined magnet-
ization. The geological space can be approximated by
(1) three-dimensional, (2) semi-infinite bodies, and (3)
those infinite along the strike closed, left hand (LH)
non-closed, right hand (RH) non-closed, and open
bodies (Figure 2). Geological bodies are approximated
by horizontal polygonal prisms with arbitrary number
of characteristic points (a simplified example is given
in Figure 3).
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Figure 1. Interpretation of geophysical fields under complex environments: A general scheme
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Figure 2. Types of geological bodies used in modeling

Figure 3. Computing derivatives of gravity potential for a horizontal polygonal prism

The program has the following main ad-
vantages (besides above-mentioned ones): (1) Sim-
ultaneous computing of gravity and magnetic fields;
(2) Description of the terrain relief by irregularly
placed characteristic points; (3) Computation of the
effect of the earth-air boundary directly in the pro-

cess of interpretation; (4) Modeling of the interpret-
ing profiles draping over rugged relief or at various
arbitrary levels (using characteristic point descrip-
tion); (5) Simultaneous modeling of several pro-
files; (6) Description of a large number of geologi-
cal bodies and fragments (up to 1,000). The basic
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algorithm realized in the GSFC program is the solu-
tion of the direct 3-D problem of gravity and mag-
netic prospecting for the horizontal limited in the
strike polygonal prism (Figure 3). In the developed
algorithm integration over a volume is realized on
the surface limiting the anomalous body.

Analytical expression for the first vertical de-
rivative of gravity potential of (m-1) angle horizon-
tal prism (Figure 3) has been obtained by integrat-
ing a common analytical expression:

W.. =

’ I(F<+.\/)

dxdz
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where R=+/X"+ y2 +7° ., S is the area of nor-
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here f is the gravitational constant, o is the density
of the body and ¢; is the angle of the prism’s side
inclination.
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Xij, Z1j and Xy, zo; are coordinates of points Py and
P, (angle points of j-side of (m-1) polyhedron); riz;
is the length of j-side of this polyhedron:
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r1j and ry; are distances from the selected point M to
the points Py and Py;, respectively:
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R11j, Ro1j, Rizj, Roy are distances from the selected
point M to angle points Ry, Ry, R1j» and Ry, respec-
tively, for j-side of the prism:

Rujzm
R = | 6)
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Uy, Uy and V; are the visible solid angles of
corresponding parts of the prism’s j-th side (see
Figure 3).

The values of the gravitational and magnetic
fields at the selected point M are determined using
the following formulas:

Ag =CMfoU .., @)
AZ =1, +1U,, +1U,,, (8)
AX=1U,, -1, +U, )+ 1,U.,, (9
AY =1U, + 1, +1U,, (10)
AT =W, U, +W U, . +W U . +
(11)
+W, U, +W U, .,

where CM is the scale of the chart; f = 0.00667
(gravitational constant is given in 10® SI unit, i.e.
measured in 108 m® kg's?); o is the body’s excess
density determined using the formula:

c=o0,-0,. (12)

S

Here o and o are the densities of the anomalous

body and the surrounding medium, respectively.
Density is given in 10° SI unit (10% kg/m?®), i.e. in
g/cm?®. At such dimensions of the density and gravi-
tational constant, the computed gravity field will be
obtained in 10° SI unit (10°m/s> = milliGal
(mGal)). I, Ix and Iy are the components of the ex-
cess magnetization vector determined using the fol-
lowing formulas (revised after Khesin et al., 1996):

I,=0.41,sinJ, —1sinJ ], (13)
I, =0.1]1, cosJ, cos(A, — A )—1,cosJ.cos(A — A, )], (14)
I, =0.1]I, cosJ,sin(A, — A,)-1,cosJ, sin(A - A )], (15)
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where Ig and |5 are magnetization values for the
anomalous body and the surrounding medium, re-
spectively; the coefficient 0.1 is introduced to ob-
tain the magnetic field plots in nanoTesla (nT); Jq
and Js are the inclinations of the magnetization vec-
tor of the body and the medium to the horizon, re-
spectively; Aq and As are azimuths of the magnetiza-
tion vector horizontal projections for the anomalous
body and the medium, respectively; A« is the azi-
muth of the interpreting profile. Detailed descrip-
tion of analytical expressions for the first and sec-
ond derivatives of gravity potential of the approxi-
mation model of the horizontal polygonal prism and
their connection with magnetic field is presented in
Khesin et al. (1996) and Eppelbaum et al. (2000).

Let us discuss shortly the constantly arisen
problem of development of an automatic system of 3D
combined gravity-magnetic field modeling. Suppose
we conduct 3-D integrated gravity and magnetic mod-
eling over a geological section consisting of ten geo-
logical bodies. Each geological body has three petro-
physical variables (density, value and inclination of
the magnetization vector), and geometric variables:
geometric parameters in the plane of geological sec-
tion (X, zi), left-hand (yi1) and right-hand (yiz) end faces
of each body. Number of points (variables) necessary
for describing bodies in the plane of section a priori is
unknown. For simplicity and taking into account that
many of these points are calculated two times by con-
touring objects, we can assume that the number of
these points is ten. To calculate the possible number of
combinations of all variables by the integrated 3-D
modeling, we should carry out approximated ranging
of variables (Table 1). Undoubtedly, this ranging is
relative and is executed only for an estimation of nec-
essary order number of combinations.

Applying known combinatorial analysis (e.g.,
Riordan, 2014), for one body we have the number of

combinations  C} -C} -C,,-C;,-C;, -Cl, ~4-10°.

Correspondingly, for ten bodies we have

~4-10% combinations. Obviously, such a number
of combinations considerably complicates an auto-
matic 3-D integrated gravity-magnetic modeling
even using supercomputers.

Description of interpretation methodology

The most complete description of the inter-
pretative process structure was given by Strakhov
(1976). An interpretation process may be roughly
subdivided into the following stages: (1) summariz-
ing prior information; (2) sequential analysis, and
(3) geological synthesis.

The development of 3-D PGM is usually per-
formed using these three stages.

The first stage (summarizing prior information) is
as follows:

(A) First of all the main geological-geophysical
conception of tectonic development of the region un-
der study must be analyzed and adopted (without it the
process of PGM construction will be not successive
and logical). Construction of geological section in-
cludes compilation of all intrusive, effusive and other
associations, as well as faults and the surface of folded
foundation on the basis of geological data within a
strip of 15-20 km (in some cases — 20-40 km) wide.
The interpreting section is located in the middle of this
strip. Undoubtedly, geophysicist-interpreter must have
a good knowledge of the region under study.

Such a section characterizes the upper portion
of the Earth’s crust with a thickness from 2-3 to 5-8
km from the Earth’s surface to the Baikalian (this
complex is termed as Cadomian in western publica-
tions (Khain, 2007)) basement. Deeper parts of the
intrusive bodies and certain faults are formed by
extrapolation of the available constructions, general
geological considerations and the results of previous
geophysical analyses.

Table 1
Calculation of the number of possible combinations of variables
. Interval . Number
Variable of changing Ranging of combinations

Density, g/cm?® 2.30-2.60 0.01 30
Magnetization, mA/m 0-3000 50 60
Inclination of magnetization, degree 0-360 15 24
Left-hand end face, yi/Xm* 0-20 non-linear 30
Right-hand end face, y2/Xm 0-20 non-linear 30
Geometrical coordinates of geological . . .

body in the plane of geological section min 10 points - min 10-10

*xm 1S the maximum length of interpreting profile.
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(B) A preliminary petrophysical model of the
section is developed. Here all the geological bodies
acquire density and magnetization values according
to the preceding petrophysical data analysis and
results of geophysical field interpretation. When no
data are available on the magnetization direction, it
is assumed to be parallel to the normal geomagnetic
field in the region under study. Further, the magnet-
ization direction is refined in the process of physi-
cal-geological modeling. Density properties are re-
ceived from the borehole sample examination and
converted from the seismic data by the known
method (e.g., Barton, 1986). The petrophysical
model includes deep-seated layers (slabs) of the
Earth’s crust: (1) the “basaltic”, (2) the intermediate
between the crust and the upper mantle, and (3) the
upper mantle. Their surfaces are constructed and
physical properties are associated with them accord-
ing to the data from previous seismic, magnetotellu-
ric, thermal and other geophysical studies. Paleo-
magnetic data examination may be of a high signifi-
cance (it is shown below on example of the East-
ernmost Mediterranean).

(C) The initial (preliminary) petrophysical
model includes hidden bodies as well. Their loca-
tion, thickness, depth, density and magnetization are
obtained from the quantitative analysis of magnetic
and gravity fields as well as from seismic data ex-
amination.

The second stage (sequential analysis) in-
cludes application of combined gravity and magnet-
ic field modeling along the interpreting profiles us-
ing 3D GSFC program (sometimes other software —
EMIGMA — was applied). Each time the gravity-
magnetic effects from different bodies, groups of
bodies and the total computed model are displayed
and compared to the observed gravity and magnetic
fields. Using the results of this comparison, the
changes that match the gravity and magnetic effects
into the model of the medium are introduced. The
computations and comparisons of fields and model
modifications are repeated until the desired fit be-
tween the computed and observed fields is obtained.

Then, a regional gravity (and sometimes
magnetic) field is roughly selected. As a rule, the
densities of deep-seated complexes are not changed;
the modifications only affect the shape of their roof.
Next, geophysical fields of local bodies are select-
ed. If necessary, this is followed by a verification of
the regional fields and the fields of the local bodies.

At each computational step, a separate analy-
sis of gravity and magnetic fields is carried out. Ge-
ometrical coordinates of geological bodies are veri-

fied in the subsequent steps, and then introduced
into the model. This procedure leads to an integrat-
ed qualitative and quantitative interpretation for
anomalous gravity and magnetic fields. The model-
ing completes when the computed gravity and mag-
netic fields coincide accurately with the observed
fields. All this modeling process must be carried out
in a full compliance with the known geological
principles.

The third stage (geological synthesis) in-
volves a detailed geological interpretation of these
models. A 3-D PGM of the area under investigation
is developed based on the geological data obtained
at the previous stages and qualitative and quantita-
tive geophysical data examination. This yields the
final physical-geological sections, and the models
are characterized by a more complete rendering of
the geological targets, including crustal blocks, in-
trusions, faults, and economic deposits.

The geological interpretation of the geologi-
cal associations, complexes and local bodies of the
constructed (final) petrophysical model does usually
not consist of a hard problem since in the imple-
mentation of the interactive selection system almost
all the bodies in the PGM acquire some specific
geological content. The geological nature of new
sources introduced into the model during the itera-
tive modeling and reflected either in the initial geo-
logical section, or in the initial PGM, is determined
according to the similarity of their physical proper-
ties, dimensions, and depth of occurrence with re-
spect to the known targets. The age of the bodies is
determined according to their interrelations with the
surrounding (host) rocks.

Application of 3D combined modeling
of gravity-magnetic fields in the South Caucasus
and Eastern Mediterranean

South Caucasian segment of the
Alpine-Himalayan tectonic belt

Brief geological-geophysical background

The complexity of Azerbaijan’s territory geo-
logical structure stems from its location in the
AHTB (e.g., Khain and Alizadeh, 2005; Leonov,
2008). The NE part of Azerbaijan is a fragment of
the Pre-Caucasian foreland filled by Cenozoic terri-
genous sediments. A heterogenic Nakhichevan fold-
ing system is located in the SW part, where car-
bonate Paleozoic strata and Cenozoic magmatic
formations are mixed (Figure 4). At the mega-anti-
clinorium of the Greater Caucasus, stratified Ceno-
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zoic and Mesozoic thick (predominantly, sedimen-
tary) strata are presented. The prevalence of Meso-
zoic magmatic formations is typical of the mega-
anticlinorium of the Lesser Caucasus. The Kura
mega-synclinorium, dividing the Greater and Lesser
Caucasus, is characterized by an accumulation of
thick (up to several kilometers) Cenozoic terri-
genous sediments. The Talysh anticlinorium is lo-
cated on the SE flank of the Kura depression, where
Paleogene magmatic associations are widely dis-
tributed (Khain and Alizadeh, 2005).

According to Khain (2000), the most ancient
Pre-Baikalian structural complex is characterized by
a sub-meridional strike. A less metamorphosed

Baikalian complex is rumpled to latitudinal folds in
separate areas. The Caledonian complex is practi-
cally unknown. The Hercynian complex is charac-
terized by a Caucasian strike identical to the overly-
ing Mesozoic rocks.

The Alpine tectono-magmatic cycle is char-
acterized by more complete geological data. As a
whole, for Azerbaijan territory is typical the fre-
quently changing geological associations on the
vertical and lateral axes, the presence of multifari-
ous fold and fault structures of different orders, and
regional and local metamorphism (Alizadeh, 2012).
All these factors make the development of reliable
models of these media sufficiently complex.
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Figure 4. Areal map of some profiles used for physical-geological modeling in Azerbaijan and adjacent regions
(1) profiles and pickets, (2) Pgs-Q: (a) orogenic magmatic associations, (b) background sedimentary deposits, (3) Kz-Pgz: (a) pre-
orogenic magmatic associations, (b) background sedimentary deposits, (4) Js-Ki: () magmatic associations of the Late Alpine sub-
stage, (b) background sedimentary deposits, (5) Ji-J2: (a) magmatic associations of the Early Alpine sub-stage, (b) background sedi-
mentary deposits; (6) Pz deposits, (7) contour of the Guton magnetic anomaly, (8) tectonic regions: | — Nakhchivan folding region, 1l
— SE part of the Lesser Caucasus mega-anticlinorium, 111 — central and SE parts of the Kura mega-synclinorium, IV — SE part of the

Greater Caucasus mega-anticlinorium, V — Talysh anticlinorium
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The first models of the Earth’s crust of
Azerbaijan were put forward in the mid-1960s
(Gadjiev, 1965; Tzimelzon, 1965; Shekinsky et
al., 1967). These models were subsequently eva-
luated in the works of Tzimelzon (1970), Az-
izbekov et al. (1972), Shikhalibeyli (1972), Alex-
eyev et al. (1988), and later by Khesin et al.
(1993, 1996). Rappel and McNutt (1990) studied
the regional compensation of the Greater Cauca-
sus using the Bouguer gravity. Sarker and Abers
(1998) attempted to apply P and S wave tomogra-
phy for examination of the Greater Caucasus deep
structure. After that new models developed on the
basis of gravity field analysis were presented in
Kadirov (2000).

Some significant regional peculiarities of
the deep structure of the South Caucasus were
reflected in: Alexidze et al. (1993), Pilchin and
Eppelbaum (1997), Artyushkov et al. (2000),
Gasanov (2001), Kaban (2002), Brunet et al.
(2003), Guliyev and Panachi (2004), Alizadeh
(2005), Khain and Alizadeh (2005), Allen et al.
(2006), Kadirov (2006), Khalafly (2006),
Reilinger et al. (2006), Saintot et al. (2006),
Spichak (2006), Gamkrelidze and Shengelia
(2007), Khain (2007), Leonov (2008), Ricketts et
al. (2008), Mamedov (2009), Mosar et al. (2010),
Eppelbaum and Khesin (2012), Koulakov et al.
(2012), Etirmishli and Kazimova (2013), Forte et
al. (2013), Mederer et al. (2013), Ruban (2013),
Mumladze et al. (2015). and others. In their re-
cent publication Kadirov and Gadirov (2014)
demonstrated an effective gravity field modeling
along profiles crossing the South Caspian Basin.

Thus, it was recognized that 3D gravity-
magnetic modeling is a powerful tool for studying
the variable deep structure of the South Caucasus.
This study must be preceded by a combined qualita-
tive and advanced quantitative gravity/magnetic
data analysis supported by integrated examination
of available geological, seismic, magnetotelluric
and thermal data, and utilization of numerous mag-
netic, paleomagnetic and density properties of geo-
logical samples from the region under study. Final
product of such an investigation is development of
series of 2.5 and 3D PGMs. These PGMs can be
used not only for substantiation of various types of
prospective economic deposits, but also to delinea-
tion of the tectonic-structural factors affecting the
long-term seismological prognosis (Eppelbaum and
Khesin, 2012).

Results of 3D combined gravity-magnetic modeling

Advanced interpretation methods (improved
modifications of tangents, characteristic point
methods and areal method) were applied to study
gravity and magnetic anomalies along all profiles
surrounding SuperDeep borehole SD-1 in Saatly
area of Azerbaijan. A fragment of this interpretation
along Profile 18 is shown in Figure 5. First of all,
note that the behavior of the magnetic AZ curve and

6Ag . . i e
graph %x are very simular, which testifies to

the fact that these anomalies are due to the same
geological objects. A quantitative analysis of the
magnetic curve allowed to delineate two magnetic
targets. The main target apparently is a source of the
Talysh-Vandam gravity anomaly (its upper edge
coincides with the data obtained by SD-1 drilling)
(Khain and Alizadeh, 2005). The obtained data
were utilized by construction of a PGM of first ap-
proximation for 3D combined physical-geological
modeling (Eppelbaum and Khesin, 2012).

A visual example of 3D combined modeling
of gravity and magnetic fields along Profile 1 (see
scheme of profiles presented in Figure 4) is shown
in Figure 6. Profile 1 crossing the Lesser Caucasus
illustrates the very complex geological structure of
this region. The Late-Alpine effusives in the PGMs
compose an ophiolite zone (relic of the ocean crust).
It is thought that the same rocks occur in the NE
immersion of the Lesser Caucasus. Pre-orogenic
and orogenic intrusive and effusive rocks are fixed
in the southern parts of the PGM. Thick sedimen-
tary deposits are developed in northern part of this
profile. A smooth high of the Moho discontinuity is
observed from south to north from a depth of 52 km
up to 42 km (Eppelbaum and Khesin, 2012). Such a
Moho boundary behavior on the whole agrees with
the latest data of deep seismic profile re-interpre-
tation (Pavlenkova, 2012). Depths of the magnet-
ized bodies lower edges were estimated on the basis
of various geophysical field analyses (Pilchin and
Eppelbaum, 1997). Here were revealed such classes
of disturbing objects as acid intrusions of lower
density and magnetization, basic magmatic rocks of
increased density and magnetization, and fault
zones. It was determined that the clearest density
boundaries were associated with the base of the Ce-
nozoic sedimentary strata and, to a lesser degree,
with the base of the Alpine complexes. According
to the performed modeling geomagnetic boundaries
are associated mainly with the roof and bottom of
the Mesozoic floor of heightened magnetization.
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Figure 5. Fragment of gravity and magnetic field analysis along profile 18 (location of this profile is shown in Figure 4)
(1) Bouguer gravity field Ags, (2) magnetic field AZ, (3) first horizontal derivative of gravity field GAQ%X, (4) contour of magnet-

ized body and position of magnetization vector, (5) contour of body determined by analysis of 6Ag%x

Eastern Mediterranean segment of the
Alpine-Himalayan tectonic belt

The Easternmost Mediterranean (EMM) is a
tectonically complex region evolving in the long
term and located in the midst of the progressive Af-
ro-Eurasian collision within the AHTB (Khain,
1984; Ben-Avraham et al., 2002) (Figure 7). Both
rift-oceanic systems and terrane belts are known to
have been formed in this collision zone (Stampfli et
al., 2013). The formation of its modern complex
structure is associated with the evolution of the Ne-
otethys Ocean and its margins (e.g., Ben-Avraham
and Ginzburg, 1990; Robertson et al., 1991; Ben-
Avraham et al., 2002). The EMM was formed dur-
ing the initial phase of the Neotethys in the Early
and Late Permian (Golonka and Ford, 2000;
Stampfli et al., 2013).

The EMM region has attracted increasing at-
tention in connection with the recent discoveries of
significant hydrocarbon deposits in this region (Ep-
pelbaum and Katz, 2011; Eppelbaum et al., 2012).
Currently seismic prospecting is the main tool used
in hydrocarbon deposit discovery. However, even

sophisticated seismic data analysis (e.g., Roberts
and Peace, 2007; Gardosh et al., 2010; Marlow et
al., 2011), fails to identify the full complex structur-
al-tectonic mosaic of this region, and more im-
portantly, is unable to clarify its complex tectonic
evolution. This highlights the need for combined
analysis of geophysical (first of all, magnetic and
gravity (Eppelbaum, 2006)) data associated with the
paleomagnetic and paleobiogeographic conditions
that can yield deep paleotectonic criteria for un-
masking the complex geodynamic pattern of this
region (Eppelbaum and Katz, 2015a).

Ben-Avraham et al. (2002) have proved an
existence of oceanic crust in the Levant Basin (in
the middle of EMM) and continental crust under the
Eratosthenes Seamount on the basis of integrated
seismic-gravity-magnetic (with thermal data utiliza-
tion) analysis. Extensive geological-geophysical
investigations have been carried out in this region,
and a significant number of deep boreholes have
been drilled (Eppelbaum and Katz, 2011; 2014b).
Geophysical-geological evolution of the EMM in
terms of the modern geodynamics (first of all, plate
tectonics) is reflected in (Ben-Avraham and Ginz-
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burg, 1990; Ben-Avraham et al., 2002, 2006; Rob-
ertson et al., 1998; Jimenez-Munt et al., 2006; Le
Pichon and Kreemer, 2010). Integrated geological-
geophysical zonation of the deep structure of this
region was triggered in (Eppelbaum and Katz, 2011;
Eppelbaum and Katz, 2012, 2014b; Eppelbaum et
al., 2012, 2014b).

Results of 3D combined gravity-magnetic modeling

Let’s consider a few fragments of the carried
combined research. The first Moho map of the
EMM was constructed on the basis of gravity and
seismic data analysis with application of some tec-

20 mGal

s
H, kn

1000
500278 ~PuKe?

2 _bk.-p,| 800 *s
100 _ Lo 1000 1000265 K P1| 25~ 5Pk 7 10
200 ™+ m“-l“s"‘-'zo—gg—anv,;—.:gww, 280 2

L e
R

) g% ¢ & 0V ¥ F g F 1 3
.
P31
§

~50 {

tonic-geodynamic reconstructions (Eppelbaum and
Pilchin, 2006; Eppelbaum et al., 2012). The first
Curie map of Israel (Eppelbaum et al., 2014a) (de-
veloped with utilization of thermal, seismic and
gravity data and with 3D magnetic modeling) also
correlates with the position of the terranes (e.g.,
Ben-Avraham et al., 2006). The sources of the two
most significant gravity-magnetic anomalies in
Israel — Hebron and Carmel — were classified (on
the basis of 3D gravity-magnetic fields modeling)
as phenomena associated with tectonically weak-
ened zones between the terranes (Eppelbaum et al.,
2005, 2006).
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Figure 6. Physical-geological model along Profile 1: Mez-Mazra — Gedabey - Dzegam-Djirdakhan (location of the profile is shown

in Figure 4) (after Eppelbaum and Khesin, 2011)
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Captions for Figure 6

Gravity fields graphs:

a - observed, b - computed
mN,+Q uppermolassic

Magnetic field graphs:

a - observed, b - computed
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Studying the EMM deep structure demands a
careful attention to the blocks of oceanic (basaltic)
crust with reverse magnetization that were discov-
ered (Ben-Avraham et al., 2002; Eppelbaum, 2006).
This issue was very briefly explained as paleomag-
netic Kiama zone of inverse polarity (Eppelbaum
and Katz, 2012) and a rather more detailed descrip-
tion was given in (Eppelbaum et al., 2014b; Ep-
pelbaum and Katz, 2015a, 2015b), which demands
separate consideration. 3D magnetic analysis con-
ducted along three interpretation profiles supported
by gravity-seismic examination along the same lines
(location of profiles is shown in Figure 8A) unam-
biguously indicates the presence of blocks of the
Earth’s crust with reverse magnetization (Ben-
Avraham et al., 2002). By other words, in the men-
tioned research for a first time combined seismo-
magnetic-gravity models for three crossing profiles
(Profiles 11 — 11 and 111 — 111 are shown in Figures 8B
and 9, respectively) were developed. It should be
noted that the most difficult process was the 3D
magnetic field modeling (hundreds of iterations
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direction of the magnetization vector, other
than regional geomagnetic field inclination

E

were applied) taking into account very complex and
magnetically variable media and requiring the ne-
cessity to create a common 3D geometrical model
for three geophysical fields. Integrated interpreta-
tion of three independent geophysical fields (assum-
ing that each field is characterized by three anoma-
lous points) increases the reliability of interpretation
by the use of error function in three times (Ep-
pelbaum, 2014a). In our case the number of anoma-
lous points is many times larger, consequently the
reliability of interpretation is greater.

Results of 3D combined magnetic-gravity
modeling along Profile 1 — I are presented in Figure 9.
It is obvious that in this PGM magnetic field modeling
is much more complex problem than gravity field
modeling. The main peculiarities of this PGM are dis-
covered crystal block of oceanic crust with inverse
magnetization (about -120°) in the center of profile
(Ben-Avraham et al., 2002) (faintly yellow colored)
and a crystal block of continental crust with inverse
magnetization in the eastern part of this profile (about
-45% (brightly yellow colored). A reconstruction of

XOBORLER ¢ YER ELMLORI m MIBBECTWA « HAYKW O 3EMJIE m PROCEEDINGS e THE SCIENCES OF EARTH



36 L.Eppelbaum

the position of a reverse magnetized block of the
Earth’s crust enabled us to obtain a magnetization
zone with a S — N orientation with a width reaching 70
km and length of about 200 km (Eppelbaum et al.,
2014b; Eppelbaum and Katz, 2015a). Such a large,
thick (about 10 km) zone (the total volume of this
zone exceeds 120,000 km®) of inverse magnetization
must correspond to a significant and prolonged effect
of inverse polarity in the Earth’s magnetic field histo-

Blackh

Sea of
Marmaras  <**
e ®

®
P

eo®

eeeeeee

4.3 A
521.{ {’ﬁ.‘ s
—
2 e A\ N
- AT < »
. » -
- ,§
=% 5
| ° Tl Z |
25 30°

ry. The Early Cretaceous or Early Jurassic, as was
supposed in (Ben-Avraham et al., 2002), do not con-
tain sufficiently prolonged periods of the Earth’s mag-
netic field inverse polarity (Figure 10). It was suggest-
ed that this is the Kiama zone of inverse polarity (Ep-
pelbaum et al., 2014b; Eppelbaum and Katz, 2014a)
with duration of about 50 min years (see Figure 10)
that was first detected in the Late Carboniferous and
Permian in Australia (Irving, 1966).

o
°
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Figure 7. 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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Figure 8. A: Tectono-paleomagnetic map of the region with location of seismic-gravity-magnetic profiles, B: Results of 3D magnetic
field modeling along profile 11 — 11
(1) granitic layer, (2) basaltic layer, (3) physical properties (numerator=density, kg/m?, denominator=magnetization, mA/m), (4) di-
rection of the magnetization vector other than the geomagnetic field inclination of the region, (5) boundary discovered between the
continental and oceanic crust within the Sinai plate, (6) faults limiting terrane location, (7) interplate deep faults of the Eastern Medi-
terranean: SF, Sinai Fault and DST, Dead Sea Transform, (8) deep fault separating the Alpine Belt and oceanic depression of the
Easternmost Mediterranean, delineated paleomagnetic zones of inverse polarity: (9) Kiama, (10) Neoproterozoic. JS, Judea-Samaria,

An, Antilebanon.

(1-5) generalized after Ben-Avraham et al. (2002).
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Figure 10. The combined Paleomagnetic Scale — Chronostratigraphic Chart of the most part of the
Phanerozoic (compiled on the basis of Molostovsky et al. (1998) and Molostovsky et al. (2007) and
Molostovsky (2009) paleomagnetic reconstructions and International Chronostratigraphic Chart (In-

ternational Commission on Stratigraphy, 2014)

Another example displays the final PGM
along profile crossing the Dead Sea Transform
(DST) within the Sea of Galilee (Profile A — B) ob-
tained by use of 3D combined gravity-magnetic
field modeling (Figure 11) (location of this profile
is presented in Figure 8A). A preliminary PGM of
this profile was constructed on the basis of Rotstein
and Bartov (1989), Rotstein et al. (1992), Ben-
Avraham et al. (1996), Eppelbaum and Pilchin
(2006), Eppelbaum et al. (2007), Meiler et al.
(2011), Ben-Avraham et al. (2014).

Negative gravity anomaly along Profile A —
B (Figure 11) is caused mainly by the low dense
sedimentary deposits and salt accumulated in the
DST zone. At the same time comprehensive analy-
sis of magnetic field behavior indicates that it can-
not be explained by subsurface basalts effects (and
by effects from any basaltic plates occurring at low
depth). Such a behavior may provide in these physi-
cal-geological conditions only a deep crystal block
with an inverse magnetization. A similar crystal
block with the same direction of magnetization was
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Figure 11. 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 8)
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discovered in the eastern part of Profile I — I (see
Figure 9). Petrographic and radiometric analyses of
the Sinai and Arabian shields (see Figure 7) indicate
that here occur various complexes of Middle and
Upper Precambrian among which dominate Neo-
proterozoic associations with a radiometric age of
600 — 1000 Ma (e.g., Stern et al., 2004; Johnston
and Kattan, 2008). Numerous paleomagnetic exam-
inations of Neoproterozoic display that in these
rocks an inverse magnetization is prevailing
(Gurevich, 1981; Molostovsky et al., 1998). A gen-
eralized paleomagnetic scale of Neoproterozoic (re-
constructed by Y. Katz on the basis of numerous
paleomagnetic determinations analysis) is presented
in Figure 12. Simple visual analysis of this scale
indicates that the most intervals of magnetic field
inverse polarization relate to 605 — 815 Ma. Thus,
we can relate the discovered zone of inverse mag-
netization (on the basis of Profile | — | (Figure 9)
and Profile A — B (Figure 11)) (see the brightly yel-
low colored blocks) to Neoproterozoic (interval
about 210 My, between 605 and 815 Ma). The de-
lineated Neoproterozoic paleomagnetic zone of in-
verse polarity is contoured in Figure 8A.

Undoubtedly, application of different trans-
formation procedures (upward and downward con-
tinuation, calculation of difference anomalies,
wavelet, entropy, self-adjusting filtering, etc.) may
help to obtain some additional parameters of geo-
logical sections which may be useful for 3D gravi-
ty-magnetic modeling and PGMs development. For
instance, recently developed new integrated wavelet
approaches (e.g., Eppelbaum et al., 2011) enable to
join results of geophysical methods based on differ-
ent physical principles (for instance, magnetics and
seismics). However, presentation of such examples
is beyond of the goal of this article.

It should be noted that for solving different
tectonic and geodynamic problems both in the
South Caucasus and EMM can be effectively ap-
plied the satellite observed gravity and magnetic
data (measured with the same grid and accuracy and
having an important property of repetition). A suc-
cessful example of the tectono-geodynamic exami-
nation of satellite derived gravity data for the EMM
was demonstrated in Eppelbaum and Katz (2015b).
Exploration of satellite observed magnetic data for
studying deep structure in the considered above
scale is more complex problem. For this aim, appar-
ently, complex Gaussian function and advanced
wavelet transform (i.e., Alperovich et al., 2013)
may be employed.
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Figure 12. A generalized paleomagnetic scale of Neoproterozo-
ic (complied by Y. Katz, Tel Aviv University).
(1) direct polarity, (2) inverse polarity, (3) alternating polarity

Comparison of results of 3D combined gravi-
ty-magnetic field modeling in the South Caucasus
and EMM indicate that in both regions character-
ized by different tectono-structural and other pecu-
liarities the skillful modeling may provide important
results that can be used for construction of geody-
namic models, searching economic deposits and
long-term seismological prognosis.

Conclusions

It can be concluded that 3D combined gravi-
ty-magnetic field modeling is a powerful interpreta-
tion tool for recognizing deep structure of complex
geological regions. Application of this methodology
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together with petrophysical and paleomagnetic ex-
amination, seismic, magnetotulliric, thermal and
other investigations allowed to unmasking deep ge-
ological structure of such complex regions as the
South Caucasian and Easternmost Mediterranean
segments of the Alpine-Himalayan tectonic belt.
The process of 3D modeling, taking into account a
constant necessity of interrelation between the phys-
ical, mathematical, tectonic, structural and some
other factors, supposes a high qualification level of
the interpreter (interpreters). A further evolution of
this methodology will consist not only in analysis
and application of modern tectonic-geodynamic
conceptions, but and in wide attraction and of dif-
ferent geological-geophysical data, including com-
prehensive utilization of satellite observed (con-
stantly renewing) gravity and magnetic arrays.
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