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Abstract: The Easternmost Mediterranean is a transition region from the ocean to the continent where
the spreading and collision zones of the lithospheric plates join. The methodology of paleomagnetic
mapping of the transition zones is based on combining geological and geophysical techniques for con-
tinental and oceanic platforms: magnetic data interpretation, paleomagnetic reconstructions, results
of magnetized rock radiometric dating, satellite data analysis, tectonic–structural reconstructions,
biogeographical studies, and utilization of different geophysical survey results. The satellite-derived
gravity map reflects practically all significant tectonic units in the region, which assists us in the
supposed paleomagnetic mapping. The satellite-derived and aeromagnetic maps with the tectonic
features and the map of Curie discontinuity of Israel indicate the complexity of this region. Advanced
magnetic data analysis supported by paleomagnetic data attraction and other geological–geophysical
methods allowed the revealing of the block of oceanic crust with the Kiama paleomagnetic zone
relating to the Early Permian age. A narrow reversely magnetized Earth crust block was revealed
in the Lower Galilee. Some examples of advanced magnetic anomaly analysis are presented for
several areas where the magnetization vector inclination is other than the modern direction: the
Sea of Galilee, Carmel, Rosh-Ha-Ayin, Malqishon, and Hebron. In Israeli land, for the combined
paleomagnetic mapping, the well-studied using paleomagnetic and radiometric methods (as well
as tectonic–structural) areas were selected: (1) Makhtesh Ramon, (2) the Sea of Galilee with the
adjoining zones, (3) Carmel, (4) Hula, and (5) Hermon. It is shown that the regional analysis of
paleomagnetic data distribution played an essential role in detecting the influence of the recently
recognized counterclockwise rotating mantle structure on the near-surface layers.

Keywords: paleomagnetic mapping; magnetic data analysis; tectonic–structural interpretation;
ocean-continent junction zone; counterclockwise rotation; Easternmost Mediterranean

1. Introduction

The Easternmost Mediterranean (EMM) is a region belonging to the transition zone of
the most prominent tectonic structures of the Earth—Eurasia and Gondwana [1–4]. In the
Cenozoic, four lithospheric plates were formed here: Nubian, Arabian, Aegean–Anatolian,
and Sinai [5]. The area is characterized by unique geodynamics, which simultaneously
expressed the elements of the geodynamic collision associated with the Tethys Ocean
evolution [6–8], and the Red Sea rift system’s initial spreading [9].

This tectonic–geodynamic circumstance determines the severe complexity and di-
versification of the developed tectonic elements and the various rock complexes in the
Earth’s crust. They form a very bizarre knot that combines heterogeneous blocks of the
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continental and oceanic crust, terrane complexes, ophiolite belts, traps, folded island arc,
and the intricate zones of the tectonic strike–slip, thrusts, and underthrust faults [10–14].

The extensive development of the magmatic associations of different ages and origins
triggered the wide employment of the magnetic method in the studied region, e.g., [15–20].
However, paleomagnetic methods are necessary considering the presence of practically
all possible positions of the magnetization vectors. Nevertheless, the significance of pale-
omagnetic methods goes beyond just clarifying the magnetic anomalies. Paleomagnetic
mapping has methodologically successfully and widely recommended itself for decoding
the structure and origin of intricate objects from the subsurface up to the Curie discontinuity
in the continents and marine areas [21].

Some scientists initially attempted to apply the single paleomagnetic method in the
transition zones from ocean to continent but without tangible success. The accomplished
experience of our studies, e.g., [14,16,17,20,22,23], indicates that the combined paleomag-
netic investigation is highly effective for analyzing the complex structures of the EMM
(sometimes more than all other geological–geophysical methods).

The main objectives of this paper are the following:

(1) The application of effective methodologies for magnetic anomaly quantitative analysis
under complex EMM’s physical geological environments,

(2) Demonstrating the possibilities of 3D combined gravity–magnetic modeling,
(3) Description of the methodologies of paleomagnetic–radiometric mapping combined

with tectonic–structural analysis and data of the deep geophysics and geodynamics.

2. Brief Tectono-Geophysical Setting

The study area is a complex zone of the lithospheric plate junction of the African–
Arabian region, which belonged to the northern zone of the Gondwana in the Mesozoic–
Early Cenozoic. There are developed structural elements of the latitudinal zonation caused
by the development of the Neotethys Ocean and meridional zonation associated with
the development of the Red Sea–East African spreading zone [10,24,25] and the Nubian–
Arabian deep mantle structure that merged with this zone in the Late Cenozoic [14].

This is best illustrated by the recently constructed satellite-derived gravity map
(Figure 1), which reflects the stable relationship between the changes in the gravity anoma-
lies and the outline of the various regional tectonic features. Eppelbaum and Katz [24]
have shown that qualitative analysis of satellite gravity maps (retracked to marine and
earth surface) may be performed without any additional reductions for regional tectonic–
structural or geodynamical zonation. Such a clear display, obtained for the first time
for this geologically very complex region, is highly important since the current task of
tectonic–paleomagnetic mapping should be based on a reasonably wide range of geophysi-
cal methods. Moreover, from the very beginning, in a series of our works, we set the task
of applying the combined studies, including a system of various geological–geophysical
surveys, e.g., [16,17,26–28].

The presented map (Figure 1), being technologically reliable and continuous in the
extent of the presented material, captures the essential elements of tectonics and geodynam-
ics of this transitional region between Eurasia and Gondwana. Geodynamic elements of
different orders and tectonic structures are located here, reflected in changes in the gravity
field behavior. First, the most critical tectonic plates and the zones of faults limiting them
are well distinguished. The latter corresponds to two dominant directions: sublatitudinal
and submeridional. The first corresponds to the collisional geodynamics of the residual
ocean Neotethys.

Furthermore, the second is connected with the initial stages of rifting in the Red Sea
system. Naturally, at the intersection of these systems and structures, a complex system of
uplifts, troughs, and mobile belts of fold-block and rift type is formed, and an uneven-aged
system of traps is developed, reflected in the anomalies of the gravitational and magnetic
fields. Tectonically complex areas such as the Dead Sea Transform (DST) zone and the
Mesozoic terrane belt (MTB) block system adjacent to it prompt the choice of standard
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polygons for paleomagnetic mapping. In terms of studying the relationship between
the continental and oceanic crust in the zone of transition of the continental structures
of Gondwana to the oceanic structures of the Eastern Mediterranean Sea, the gravity
map clearly shows the difference between the terranes of the southernmost part of the
MTB from the oceanic basins of the Levant. Earlier magneto-geophysical studies of this
region, e.g., [21,23], which turned out to be more than relevant, showed the importance of
comparing magnetic and satellite–gravity data.
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Figure 1. Satellite-derived gravity map of the area under study with the main tectonic features
(isoline density is 10 mGals). (1) Intraplate faults, (2) interplate faults, (3) the southern boundary of
the Mediterranean accretionary belt. DST, Dead Sea Transform; SF, Sinai Fault.



Appl. Sci. 2023, 13, 10541 4 of 44

The sublatitude piece of the Neotethys collisional segment of the Earth’s crust, which
is replaced to the south by the submeridional Red Sea–East African rift belt, is well illus-
trated by the data of the magnetic–thermal geodynamic map (Figure 2A,B). Figure 2A
was compiled mainly from the aeromagnetic measurements carried out at different lev-
els and re-tracked to the common 5 km altitude (the magnetic data were obtained from
the World Digital Magnetic Anomaly Map DataBase compiled by the US Geological Sur-
vey (http://earthexplorer.usgs.gov/, (accessed on 23 July 2023)). Figure 2B displays the
Curie discontinuity map developed mainly from the thermal data analysis supplemented
after [29].
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Figure 2. (A) Magnetic–thermal geodynamic map of the studied region (modified after [23]). (B) Curie
discontinuity map of Israel (modified and supplemented after [29]). (1) Main faults, (2) intraplate
faults, (3) southern boundary of the Mediterranean accretionary belt, (4) areas with no data, (5) contour
of the delineated Kiama paleomagnetic zone [22], (6) thermal flow values observed at sea bottom
(after [30] with corrections for the sedimentation velocity, in mW/m2 (¶ 13.9 ± 2.9, · 44.9 ± 12.1,
¸ 46.4 ± 14.2, ¹ 36.3 ± 3.9, º 32.5 ± 7.0, » 20.5 ± 7.3, ¼ 56.9 ± 8.2, ½ 26.8 ± 10.0, ¾ 32.2 ± 9.9,
¿ 49.5 ± 10.8,
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26.5 ± 6.9). Key magnetic anomalies: An, Antalya; B, Beirut [6]; Ba, Banyas [31];
C, Carmel [6]; E, Eratosthenes [23]; H, Hebron [6]; HAE, Hasandag and Erciyes Mts. [32]; Hm,
HaMeishar [26]; Ka, Karaman and Karsanti [18]; Kd, Kur Dag [18]; P, Palmyrides [31]; T, Troodos.
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The magnetic map (Figure 2A) clearly shows that the regions of the EMM with the
predominant oceanic crust development are characterized by values from 0 to +370 nT, and
the region of the continental crust development of the Anatolian area and the Nubian-Sinai
region forms a zone of the negative magnetic values from 0 to −450 nT. The low heat
flow values observed in the EMM confirm the hypothesis about the oceanic crust origin
in this region [23,28]. The Mesozoic terrane belt (MTB) [20,23], composed of the thinned
continental crust, has both positive and negative magnetic field anomalies in equal measure
(Figure 2A). The magnetic data generally confirm the tectonic elements overlaid on this
map (main tectonic faults, intraplate tectonic faults, and plate boundaries). For instance,
in this map, the boundary of the Aegean–Anatolian plate and the western and eastern
boundaries of the Sinai plate (see also Figures 1 and 3) are clearly indicated. The boundary
between the Precambrian plate and the Mesozoic terrane belt is also well delineated.
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Figure 3. Areal–tectonic map of the examined magnetic anomalies and paleomagnetic areas in Israel.
Paleomagnetic areas: MR—Makhtesh Ramon, Pa—Paran area, CA—Carmel, SG—Sea of Galilee,
HE—Hermon, HU—Hula. The blue circles with numbers designate the location of interpreted
magnetic anomalies: (1) Carmel, (2) Sea of Galilee, (3) Rosh Ha-Ain, (4) Hebron, (5) Malqishon. DST,
Dead Sea Transform; SF, Sinai Fault.
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The correlation between the two geodynamic segments of the Earth’s crust in this
region—the collisional (Tethyan) and the spreading (Red Sea)—with the data of the Curie
discontinuity distribution (Figure 2B), confined to the upper part of the mantle litho-
sphere [29], looks fascinating. In general, north of latitude 32◦, in the offshore zone of the
MTB, the position of the Curie surface elevations increases to a depth of −46 km. To the
south, it reaches a depth of −(38–40) km, probably due to the proximity of the northern
part of the Red Sea rift with an increased heat flow. However, this situation is associated
with the modern evaluation stage of this region. Furthermore, in the geological past, the
overall development of the magnetoactive complexes of igneous rocks was associated with
other deep geophysical processes and their tectonic structures [14].

We considered this circumstance in the areal–tectonic map (Figure 3), which shows the
selected areas of the paleomagnetic mapping and the most distinct structurally significant
magnetic anomalies that have been quantitatively analyzed. The black circles display
the projection of their apical parts to the Earth’s surface (one point is shown in the Sea
of Galilee).

3. Magnetic Data Analysis
3.1. Main Principles

The magnetic ∆T anomaly distortions occur due to the inclination of the magnetization
vector to the horizon plane and the different orientations of the horizontal magnetization
projection concerning the body’s axes, e.g., [33]. Besides the geomagnetic field inclination,
the body’s axes’ orientation relative to the geomagnetic field’s horizontal component is also
significant. Therefore, the analysis of field graph maps is insufficient and often necessary
to analyze the isolines maps [34].

In the conditions of oblique (inclined) magnetization, the “reduction to pole” proce-
dure is often used, i.e., the calculation of the pseudogravimetric anomalies [35]. However,
the procedure is appropriate only when all interfering bodies in the studied area (1) are
magnetized parallel to the geomagnetic field and (2) have sub-vertical dipping. Only in
this case, the recalculated magnetic fields can be used for further quantitative analysis.
Besides this, the “reduction to pole” cannot calculate such disturbing factors as the rugged
terrain relief and practically always available superposition of the magnetic anomalies
with the various wavelengths. Similar approaches based on the transformation of the
observed magnetic field—analytic signal, e.g., [36]; wavelet transform, e.g., [37,38]; and
Euler deconvolution, e.g., [39,40]—have the same limitations.

The developed interpretation methodologies involve the application of methods elab-
orated specially for the quantitative analysis of magnetic anomalies in complex physical–
geological environments [34,41,42]. Unlike other techniques, these methods (improved
versions of tangents, characteristic points, and areal methods) are applicable in oblique
(and reverse) magnetization, rugged relief, and unknown levels of the normal field (i.e.,
superposition of the magnetic anomalies of different orders). Five interpretation models
are used: (1) thick bed, (2) thin bed, (3) horizontal circular cylinder (HCC), (4) sphere,
and (5) thin horizontal plate. In addition, Eppelbaum [42] showed that a representative
class of models that take intermediate forms between the thick bed and the thin horizontal
plate could be interpreted using the methodologies developed for the thick bed. Thus,
advanced techniques can interpret magnetic anomalies from most geological targets under
conditions of inclined magnetization, rugged terrain relief, and superposition of anomalies
of different orders.

3.2. Quantitative Interpretation of Magnetic Anomalies in the Sea of Galilee (Lake Kinneret)

The Sea of Galilee (Lake Kinneret) is located in the northern Jordan Valley at the central
part of the Dead Sea Transform (DST) (Figure 1). This small sea (lake) is Israel’s primary
source of fresh water. It has an average surface of 165 km2 and an average volume of
4 × 109 m3. Numerous geological investigations show that the rock outcrops in this
area and rock samples collected in the wells surrounding the sea range from Jurassic to
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Quaternary. In contrast to the areas around the sea, the structure below it is not completely
understood. Environmental restrictions forbid drilling geological boreholes in the lake.

Major basaltic volcanism in the Sea of Galilee region has two phases: Early Creta-
ceous and Late Cenozoic. The Early Cretaceous basalt thickness in the vicinity of the sea
is minimal for northern Israel, and consequently, its influence on the magnetic field is
negligible [16]. The Late Cenozoic basalts range from the Miocene to the Pleistocene. Most
surface basalt outcrops surrounding the sea are of the Pliocene and Pleistocene ages [43].

Basaltic volcanism of different ages caused severe difficulties in quantitative analysis:
in the sea and around it, the magnetic anomalies of different signs and intensities were
recognized [16]. Altogether in the sea, about fifteen significant anomalies were selected
and interpreted. Results of anomalies A, B, and C interpretation (in the northern part of
the sea) are presented in Figure 4. Anomalies A (horizontal circular cylinder (HCC) model,
magnetization I = 0.06 SI) and B (thin bed model, magnetization I = 0.55 SI) are positive,
while anomaly C (HCC model) is negative. A practical absence of significant magnetic
anomalies in the lake’s center is caused by the subsidence of basaltic rocks at a considerable
depth [17].
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3.3. Quantitative Interpretation of Carmel Magnetic Anomaly

The Carmel anomaly is located on the western edge of the Galilean–Lebanon terrane
(Figure 3). The magnetic analysis of Carmel anomaly has been carried out by applying
the advanced developed methodologies of tangents and characteristic points (Figure 5).
The depth of the upper edge of this anomalous target is about 6.5 km, and the average
magnetization is about 3000 mA/m. It is vital that the determined position of the mag-
netization vector does not coincide with the normal one and is vertical (90◦). Later, the
validity of the obtained model was confirmed by the results of 3D combined modeling of
the magnetic and gravitational fields. Geologically, this model is interpreted as an uplift of
the magnetic crystalline basement [44]. An exciting fact confirming the modeling data is
the coincidence of the apical part of the Carmel magnetic anomaly, with the zone of the
highest hypsometric marks location of this ridge reaching 528–546 m (see Figure 5).
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Profile II. (1) Excess magnetization of the anomalous body, (2) position of the magnetization vector.

3.4. Quantitative Interpretation of Malqishon Magnetic Anomaly

The Malkishon magnetic anomaly is in the southwestern block of the Antilebanon
terrane (see Figure 3), near its border with the Galilean–Lebanon terrane. This terrane’s
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main, northeastern block (where Hermon Mt. is located) is displaced relative to the
southwestern block by a little over 100 km along the Dead Sea Transform. The same
interpretation methods were applied to analyze the Malqishon magnetic anomaly. The
depth of the upper edge of this anomalous body consists of 4.5 km, and the magnetization
is less than 2500 mA/m. The position of the magnetization vector also does not coincide
with the average direction in the region and is about 105◦ (Figure 6). We propose it is also
an uplift of the crystalline basement but narrower than in the Carmel area.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 53 
 

3.4. Quantitative Interpretation of Malqishon Magnetic Anomaly 

The Malkishon magnetic anomaly is in the southwestern block of the Antilebanon 

terrane (see Figure 3), near its border with the Galilean–Lebanon terrane. This terrane’s 

main, northeastern block (where Hermon Mt. is located) is displaced relative to the 

southwestern block by a little over 100 km along the Dead Sea Transform. The same in-

terpretation methods were applied to analyze the Malqishon magnetic anomaly. The 

depth of the upper edge of this anomalous body consists of 4.5 km, and the magnetiza-

tion is less than 2500 mA/m. The position of the magnetization vector also does not coin-

cide with the average direction in the region and is about 105° (Figure 6). We propose it is 

also an uplift of the crystalline basement but narrower than in the Carmel area.  

 

Figure 6. Quantitative analysis of the Malqishon magnetic anomaly (see its location in Figure 3). 

Symbol + designates the location of the middle of the upper edge of the anomalous body, the red 

arrow shows the position of the magnetization vector, and the value x0 indicates the distortion of 

the maximum magnetic anomaly from the middle of the upper edge due to oblique magnetization. 

Figure 6. Quantitative analysis of the Malqishon magnetic anomaly (see its location in Figure 3).
Symbol + designates the location of the middle of the upper edge of the anomalous body, the red
arrow shows the position of the magnetization vector, and the value x0 indicates the distortion of the
maximum magnetic anomaly from the middle of the upper edge due to oblique magnetization.

3.5. Quantitative Interpretation of Rosh-Ha-Ayin Magnetic Anomaly

The Rosh-Ha-Ain anomaly is in the marginal eastern part of the Pleshet terrane (see
Figure 3). Magnetic field quantitative interpretation indicates that the upper edge of this
target occurs at a depth of about 6.5 km (Figure 7). This target is characterized by significant
magnetization (2900 mA/m) and normal vertical (90◦) magnetization. It was suggested
that it is an uplift of the strongly magnetized crystalline basement [45].
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Figure 7. Quantitative examination of the Rosh-Ha-Ain magnetic anomaly (see its location in
Figure 3). (1) Magnetization of the anomalous body and surrounding medium, (2) position of the
magnetization vector.

3.6. Nature of the Carmel, Malqishon, and Rosh-Ha-Ayin Magnetic Anomalies

The Carmel, Malqishon, and Rosh-Ha-Ayin magnetic anomalies most likely corre-
spond to the Permian–Triassic Illawarra paleomagnetic hyperzone and are allochthonous,
like the Israeli terranes themselves. The source of the extensive magnetic intrusions was
probably the hot spots of the active spreading zone of the emerging Neotethys Ocean,
where the initial massif of the Levant terranes was located [20] and was tectonically un-
loaded. Outside this zone, on the Gondwana foreland, only the Permian–Triassic’s sporadic
dikes and alkaline ring intrusions are developed [13,46], which do not form significant
magnetic anomalies.

3.7. Quantitative Interpretation of Hebron Magnetic Anomaly

The Hebron magnetic anomaly is the most sizable magnetic anomaly observed in
Israel’s territory. It occurs in the vicinity of the Negev, Heletz, and Judea–Samaria terranes.
Some investigators have related this anomaly to magnetized bodies at comparatively
small depths (5–7 km). However, quantitative analysis of airborne data (1000 m over the
Earth’s surface) shows that the anomalous magnetic body upper edge occurs at a depth of
26–28 km [47] (Figure 8). A rough estimation of the magnetized lower edge occurrence
(the non-magnetized lower part may continue down for tens of km) gave a depth of
about 40 km. This body’s magnetization and the magnetization vector’s inclination are
estimated as 3000 mA/m and 80◦, respectively. Moho and Curie’s discontinuity maps [29]
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display that in the area, the corresponding surfaces have values of 29–30 and 40–40.5 km,
respectively. Hence, the anomalous body’s upper edge occurs 3 km above the calculated
Moho boundary, and the lower edge of this body coincides with the maximum possible
depth of magnetic target occurrence. Tectonically, the area of the Hebron anomaly relates to
the collision zone between the Judea–Samaria and Negev terranes. The sequence formation
maps were developed based on the data from several deep boreholes (~5–6 km) in this
area. These maps indicate that the Judea–Samaria terrane was subducted under the Negev
terrane. Considering that the collision zones are characterized by recognizable geodynamic
mantle–crust instability, we propose that a mantle diapir is the source of the Hebron
magnetic anomaly.
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Figure 8. Quantitative analysis of the Hebron magnetic anomaly (see its location in Figure 3). (1) Excess
magnetization of the anomalous body, (2) position of the magnetization vector. Since the constructed
Curie discontinuity map [29] indicates a depth of 40–40.5 km in this area, below this depth, the mag-
netization ∆J = 0. In some intermediate zone (at 40.5–39.5 km), ∆J~100 mA/m, and over this zone
(39.5–28 km), this anomalous body has the determined magnetization: ∆J = 2500 mA/m.
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4. Three-Dimensional Magnetic Field Modeling
4.1. Applied GSFC Software for 3D Combined Gravity–Magnetic Modeling

The GSFC-M (Geological Space Field Calculation, modified) program is intended to
compute 3D gravity and magnetic fields in complex physical–geological conditions [17,34].
This program has been intended for computing gravity field (observed values, free air, and
Bouguer), magnetic field components (∆Z, ∆X, ∆Y), and total magnetic field ∆T, as well as
second derivatives of the gravitational potential under conditions of uneven terrain relief
and oblique magnetization. Three-dimensional horizontal polygonal prisms approximate
the geological space. Each body geometrically can be described by 50 points; the number
of employed bodies in the calculated model is practically unlimited (up to 1000). The
geological bodies can be prepared for calculation, besides the 3D variant, as 2.5D and
infinite along the strike. Types of the bodies may be the following: (1) closed, (2) left-hand
non-closed, (3) right-hand non-closed, and (4) open.

The program has the following main advantages besides those already mentioned:
(1) simultaneous 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 by the method of selection directly in the process of interpretation, (4) modeling
of the selected profiles flowing over rugged relief or at various arbitrary levels (using
characteristic points), (5) simultaneous modeling of several profiles, (6) description of a
large number of geological bodies and fragments [34]. The basic algorithm realized in the
GSFC program is the solution of the direct 3D problem of gravity and magnetic prospecting
for horizontal polygonal prism limited in the strike direction. In the developed algorithm,
integration over a volume is realized on the surface, limiting the anomalous body. The
combined potential field modeling is carried out by an iteration process, where geological
bodies’ geometrical and physical properties may change. An important peculiarity of
applied modeling is the possibility of calculating the 3D gravity–magnetic effects from the
bodies lying outside the plane of the geological section [34].

4.2. Carmel Area (Northern Israel)

The results obtained at the stage of quantitative interpretation (see Figure 5) were
used together with the various geological data to develop the initial Physical–Geological
Model (PGM) of the Carmel anomaly [44]. Four profiles were used for 3D combined
gravity–magnetic modeling: Profiles 1–3 parallel in the southwest–northeast direction and
Profile 4 in the southeast–northwest direction crossing the first three profiles. The results of
3D modeling along with Profile 2 are presented in Figure 9.

The uplifted crystalline basement produces the greatest gravity–magnetic effect with a
magnetization of 3000 mA/m and a density of 2850 kg/m3. Based on the results obtained
from four interpreting profiles, the uplifted crystalline basement relief map is constructed
(Figure 10). The vertical magnetization of the uplift of the high-magnetized crystalline
basement can explain the coinciding between the maxima of the gravitational and mag-
netic anomalies.
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Figure 9. Results of 3D combined gravity–magnetic modeling along Profile II in the Carmel area.
(1) Physical properties (numerator = density, kg/cm3, denominator = magnetization, mA/m), (2) di-
rection of magnetization vector, other than the geomagnetic field inclination for the region. “obser”,
observed; “comp”, computed.
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Figure 10. Maps of the basement uplift of the Carmel anomaly: conventional (A) and relief (B) variants.

4.3. Sea of Galilee (Northern Israel)

Ben-Avraham et al. [48] have demonstrated that the bottom relief morphology in the
southern part of the sea testifies to a significant contrast from other zones of the basin. The
magnetic field pattern in the sea’s southern part also differs from the magnetic field behavior
in the northern and central parts of the basin. The magnetic field 3D modeling along the
interpreting profile (see also Section 5.1.1) indicates that a thick hidden basaltic plate
causes this anomaly [49]. This inclined plate is characterized by the following parameters:
magnetization of 3000 mA/m, vector inclination of 135◦, the dip of about 12◦ from NE
(depth of upper edge = 1140 m) to SW (depth of upper edge = 760 m), length of 4000 m,
and averaged vertical thickness of 480 m.

4.4. Paran Area (Southern Israel)

Figure 11A displays a simplified magnetic map (based on the airborne magnetic map
observed at the altitude of 1 km [50]) of a junction zone between the Sinai massif and Negev
terrane. This map specifies that two types of magnetized targets occur here: (1) small,
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elongated bodies on the Earth’s surface (subsurface) and (2) larger objects at some depth.
An interpretation Profile A–B is in the Hameishar subterrane (Hare Govay) in the Sinai
massif’s northern part, north of the Paran fault (Figure 11A). Several geophysical and
tectonic factors (considering also the anomalous size difference) suggest that the examined
large magnetic anomaly (Profile A–B crosses it) corresponds to the remains of the obducted
crust of the Tethys Ocean. To identify the nature of this anomaly, 3D magnetic field
modeling has been performed (Figure 11B).
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Figure 11. (A) The generalized magnetic map of the junction zone (Paran area) between the Sinai
massif and Negev terrane. (1) Faults observed at the day surface, (2) faults reconstructed by integrated
geological–geophysical analysis, (3) wells, (4) location of the magnetic profile. (1) and (2) are according
to [51], with modifications and the authors’ data. (B) Results of 3D magnetic field modeling of the
anomaly along Profile A–B (see Figure 11A). An airborne magnetic map [50] was used to construct
the observed magnetic field. The arrows display the position of the magnetization vector (modified
after [21]).

The constructed PGM illustrates that the anomalous magnetic field in the profile’s
central part (we propose that the left- and right-side magnetic field decrease is produced by
the influence of other geological targets) can be generated by a complex form basaltic plate
(the vertical thickness of which is varying from 250 to 750 m) [21]. The obtained magnetiza-
tion of the target is 3600 mA/m (the average magnetization of the surrounding media was
assumed as 50 mA/m), and the magnetization vector’s inclination is 53◦ to the horizon. We
propose that this body relates to the Neotethys oceanic crust. The Lower Mesozoic–Upper
Paleozoic magmatic complexes (Saharonim ophiolites and Hameishar basalts) were radio-
metrically dated in this area, which enabled us to associate the recognized body with the
Illawarra paleomagnetic hyperzone.
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4.5. Easternmost Mediterranean

Ben-Avraham et al. [28], based on integrated seismic–gravity–magnetic (with thermal
data attraction) analysis, have verified the existence of oceanic crust in the Levant Basin
(in the EMM middle zone) and the presence of continental crust under the Eratosthenes
Seamount. Investigating the EMM deep structure requires thorough attention to the basaltic
crust blocks with the discovered reverse magnetization [22,28]. This issue was justified as a
Kiama paleomagnetic hyperzone of inverse polarity [19,23], which requires a separate com-
prehensive examination. Three-dimensional magnetic–gravity modeling conducted along
three interpreting profiles, supported by seismic data along the same lines (the location of
these profiles is shown in Figure 12) and areal tectonic–geodynamic studies, unambiguously
indicate the existence of the Earth’s crust blocks with reverse magnetization.
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Figure 12. Location of profiles I, II, III, and IV superimposed on the geodynamic–bathymetric map
of the Easternmost Mediterranean (modified after [19,28]). (1) Interplate faults, (2) intraplate faults,
(3) deep fault separating the Alpine belt and oceanic depression, (4) bathymetry.
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Thus, this research, for the first time, presents combined coordinated seismic–magnetic–
gravity models for three crossing profiles (Profiles I, II, and III are shown in Figures 13–15,
respectively). The most challenging process was the 3D magnetic field modeling (hundreds
and hundreds of iterations were applied), considering very complex and magnetically
variable media. It was shown [34] that integrated interpretation of three independent
geophysical fields (assuming that three anomalous points characterize each field) increases
the interpretation reliability using the error function three times. In our case, the number
of anomalous points is many times larger; consequently, the interpretation reliability
is increased.
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Figure 14. Results of 3D magnetic–gravity modeling along Profile II (see the location of this profile in
Figure 12) (modified after [19,28]).
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Figure 15. Results of 3D magnetic–gravity modeling along Profile III (see the location of this profile
in Figure 12) (modified after [19,28]).

Figure 13 displays the results of 3D combined magnetic–gravity modeling along Profile
I. The complexity of 3D magnetic field modeling exceeds the gravity field modeling by
several times. The main peculiarities of the PGM for Profile I are the revealed crystal
block with inverse magnetization (about −120◦) in the center of profile [28] (slightly yellow
colored) and a crystal block of continental crust with inverse magnetization in the eastern
part of this profile (about −45◦) (brightly brown colored). The same inversely magnetized
blocks were discovered in Profile II (Figure 14) and Profile II (Figure 15).

Another example shows the developed PGM along the profile crossing the Dead Sea
Transform (DST) within the Sea of Galilee (Profile IV), also obtained using 3D combined
gravity–magnetic field modeling (Figure 16) (the location of this profile is shown in Fig-
ure 12). A preliminary PGM of this profile was constructed on the data of [29,31,44,52–55].
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Figure 16. Results of 3D combined magnetic–gravity modeling along profile IV (see the location of
this profile in Figure 12). DST, Dead Sea Transform.

Predominantly, the low-density sedimentary deposits and salt accumulated in the DST
zone produce the negative gravity anomaly along Profile IV (Figure 16). A comprehensive
analysis of magnetic field behavior indicates that it has a more complex character. Such
a magnetic field behavior cannot be explained by effects from subsurface basalts (and by
anomalies from any basaltic plates (bodies) occurring at low depths). The present magnetic
pattern in these physical–geological conditions may be provided only by a deep crystal
block with an inverse magnetization. It confirms the detecting crystal block with the same
magnetization direction in the land’s easternmost part of Profile I (see Figure 13).

The considered block of the Earth’s crust is essential for assessing the Early Permian
stage of tectonic–thermal activation, corresponding to the initial spreading of the Neotethys
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Ocean. Traces of this activation are widely seen in the radiometric dates (253–283 Ma)
of zircons in xenoliths from Late Cretaceous volcanic apparatuses [56,57]. According to
mineralogical and petrological data [58], this igneous complex of the Carmel–Galilee region
corresponds to granulite xenoliths. According to the above authors, these rocks were
uplifted from the upper mantle to the depths of 18–34 km, which agrees with the proposed
physical–geological model (Figure 16).

Figure 17 displays the contoured oceanic crust block with the Kiama paleomagnetic
hyperzone (EMM) and the narrow Earth’s crust block (Lower Galilee) with inverse po-
larities. A reconstruction of the position of a reverse magnetized block of the Earth’s
crust enabled us to contour an inverse magnetization zone with an S–N orientation with
a width reaching 70 km and a length of about 200 km [23]. Such a large, thick (about 10
km) block of inverse magnetization (the calculated entire volume of this zone exceeds
120,000 km3) must correspond to a significant and prolonged effect of inverse polarity
in the Earth’s magnetic field history. Analysis of the paleomagnetic scale indicates that
the Early Cretaceous or Early Jurassic periods, as was assumed in [28], do not contain
sufficiently prolonged periods of the Earth’s magnetic field inverse polarity. Therefore, it
was suggested that this is the Kiama paleomagnetic hyperzone of inverse polarity [23],
first detected in Australia’s Late Carboniferous and Permian rocks [59]. Tectonically, it
is necessary to note the discordant position of the recognized Kiama oceanic crust block
concerning the sea shores. Considering this fact and many other geological–geophysical
indicators [23], it was determined that this block and some surrounding blocks of oceanic
crusts are allochthonous; it was proposed that this block was initially formed in the region
of the modern Persian Gulf [60].
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Figure 17. Final generalization of the 3D combined magnetic–gravity modeling results. (1) Intraplate
faults, (2) intraplate faults, (3) deep fault separating the Alpine belt and oceanic depression, (4) contour of
the block of oceanic crust with the Kiama paleomagnetic hyperzone, (5) block of the reversely magnetized
Earth’s crust. DST, Dead Sea Transform; SF, Sinai Fault; An, Antilebanon; JS, Judea–Samaria.
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5. Paleomagnetic Mapping

Paleomagnetic research is broadly accepted as an effective separate tool for tectonic
and geodynamic reconstructions, investigating deep structures, searching for economic
minerals, and environmental and archaeological studies, e.g., [61–68]. In some cases, impor-
tant geological–geophysical conclusions derived from paleomagnetic data analysis cannot
be achieved from any other geophysical or geological methods [21]. The regional and local
magnetostratigraphic scales are extensively applied for the unification of the stratigraphic
schemes and the correlation of the numerous local subdivisions. The paleomagnetic map-
ping (zonation) enables “jumping” from the separate measurements to areal reconstructions
that significantly increase the effectiveness of the paleomagnetic method application. At the
same time, integrating paleomagnetic data with other geophysical and geological methods
frequently strongly increases the efficiency and importance of paleomagnetic research [57].

Eppelbaum et al. [16,17] have productively applied combined paleomagnetic–magnetic
data analysis and radiometric dating to the tectonic–structural analysis in the region of
the Sea of Galilee. As a result, this area’s initial magnetic–paleomagnetic–radiometric map
(scheme) was constructed.

Eppelbaum et al. [22] discovered the Kiama paleomagnetic hyperzone of inverse polar-
ity in the Easternmost Mediterranean (EMM). It triggered the development of the EMM’s
first paleomagnetic map based on the combined interpretation of magnetic anomalies,
paleomagnetic characteristics, different geophysical fields, and comprehensive analysis of
the surrounding volcanogenic and sedimentary structures [20,21,23,49,60].

5.1. Paleomagnetic Mapping in Northern Israel

Nur et al. [69] carried out the first geodynamic paleomagnetic zonation of transition
zones from the ocean to the continent in the example of northern Israel. The mentioned
authors revealed several tectonic blocks in this area of the prevalent counterclockwise rotation.

The combined paleomagnetic mapping has been carried out for the following tecton-
ically complex areas in Israel: (1) the Sea of Galilee and its vicinity, (2) Hula basin and
adjacent areas, (3) Mt. Hermon, (4) Mt. Carmel and surrounding areas.

5.1.1. Combined Paleomagnetic Map for the Sea of Galilee and Its Vicinity

Structurally, historically–geologically, and methodologically, the region of the Sea of
Galilee (Lake Kinneret) (see its location in Figures 2B and 3) is the best object of the paleo-
magnetic mapping of transition regions from the ocean to the continent. The phenomena
and structures of the collisional type caused by the closure of the Neotethys Ocean and
the elements of the initial phases of the Red Sea–East African Rift system spreading are
developed here. It is the largest freshwater reservoir in Israel and the Middle East and an
etalon region for the volcanogenic association examination.

The N-S Dead Sea Transform (DST) and the E-W and NW-SE fault systems break up
the Galilee region. The sea, and the plain to its south, are in a depression bounded on the
east and west by active fault scarps with steep gradients [70]. The superposition of vertical
movements perpendicular or inclined to the transform impedes the tectonic–structural
interpretation of this basin [54].

At the end of the XX century, different geological and geophysical surveys raised the
question of developing the tectonic–geodynamic model of this area, e.g., [54,71]. Further
studies [16,17,21] displayed that the solution to this problem is to develop a methodol-
ogy for the paleomagnetic mapping by an optimal linkage of the methods of magneto-
geophysics (adopted in the study of the oceans and the methods of the paleomagnetic
stratigraphy assumed for the continents) supported by a set of independent geological–
geophysical investigations.

This study [16,17] was the first experience of this kind of research. In the context of
the regional geological–geophysical studies of the African–Arabian region, paleomag-
netic mapping of the area of the Sea of Galilee has been significantly expanded and
detailed [49,57,72].
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A compiled paleomagnetic column for the Sea of Galilee indicates the complexity
of the medium (Figure 18). The elaborated edition of the paleomagnetic map of the Sea
of Galilee and its vicinity (Figure 19) was extended to the south (to the Belvoir uplift)
and supported by a paleomagnetic scale. Here, a deep well was drilled, and a set of the
Cenozoic traps radiometric dating was obtained. The map was significantly detailed due to
the attraction of novel data from the structural, radiometric, and paleomagnetic analyses,
which increased the understanding of the studied area’s structure and evolution.
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Figure 18. Generalized chronostratigraphic and magnetostratigraphic scales of Late Cenozoic basaltic
formations for the Sea of Galilee and Hula Basin (modified after [16,49,72]). (1) General stratigraphic
scale, (2) paleomagnetic chrons and subchrons, (3) paleomagnetic scale and its radiometric limits,
(4) sequence of basaltic formations.
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For effective paleomagnetic mapping, applying an optimal paleomagnetic scale is
necessary. The development of the Jalal, Sogdiana, Gissar, Tuarkyr, and Khorezm paleo-
magnetic classification is described in [73,74].

Methodologically, in such a manner, we tacked the mapping of the transition re-
gion from the ocean to the continent to the methods widely used in the paleomagnetic
mapping of the oceanic regions [57] and optimally compiled with the geodynamic prin-
ciples [75]. A new variant of the paleomagnetic map of the Sea of Galilee and adjacent
areas (Figure 19A) includes an anomalous pull-apart basin, areas of the circular struc-
tures’ development [15,21], the arc faults, and the rotational markers of the crustal block
recognized from the tectonic–structural and paleomagnetic data [54,76,77].
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Figure 19. (A) Combined paleomagnetic–magnetic–radiometric scheme of the Sea of Galilee (modi-
fied and supplemented after [49]). (1) Outcropped Cenozoic basalts, (2) points with the radiometric
age of basalts (in m.y.), (3) wells, (4) faults, (5) general direction of the discovered buried basaltic plate
dipping in the southern part of the Sea of Galilee, (6) counterclockwise (a) and clockwise (b) rotation
of faults and tectonic blocks, (7) pull-apart basin of the Sea of Galilee, (8) suggested boundaries of the
paleomagnetic zones in the sea, data of land paleomagnetic measurements: (9 and 10) (9) reverse mag-
netization, (10) normal magnetization; (11 and 12) results of magnetic anomalies analysis: (11) normal
magnetization, (12) reverse magnetization; (13) reversely magnetized basalts; (14) normal magnetized
basalts; (15) Miocene basalts and sediments with the complicated paleomagnetic characteristics;
(16) Pliocene–Pleistocene basalts and sediments with the complicated paleomagnetic characteristics;
(17) index of paleomagnetic zonation. The tectonic setting is derived from [54,78–80]. The indicators
1n, 2n, 3n, 1Ar, 2Ar, and 3Ar are the indexes of paleomagnetic subchrons (see Figure 18). Radio-
metric data (K-Ar and Ar-Ar) are compiled from [43,78,81–83]. Paleomagnetic data are generalized
after [43,76,78,81,82,84–88]. HTB and HHCC designate the calculated depths of the basaltic bodies in
the basin: HTB is the upper edge for the model of the thin bed, HTHP is the upper edge for the model
of the thin horizontal plate, and HHCC is the center for the model of the horizontal circular cylinder.
(B) Paleomagnetic scale for the integrated paleomagnetic scheme for the Sea of Galilee.

Two relatively sizable ring structures are presented here. The first is the Sharon
trap depression located in the central-western part of the map. The second is the Irbid
ring structure, bounded by conical dikes and partially presented in the southeastern part.
Significantly, the largest amplitude of counterclockwise rotation 58◦ is registered in the
Sharona ring structure, which emphasizes the complexity of the geodynamics of the zones
of trap formation. An Irbid ring structure prone to counterclockwise rotation has a different
nature (Figure 19).

5.1.2. Hula Paleomagnetic Map

Due to the elaboration of the paleomagnetic mapping methodology in the Sea of
Galilee etalon area, it became possible to develop a paleomagnetic map of its northern
extension—Hula Valley (Figure 20A). The constructed map also includes areas of Upper
Galilee Heights, the northern slope of the Korazim Plateau, the northern part of the Golan
Plateau, and the southern side of the Hermon Mts. The Pliocene–Quaternary traps and the
sedimentary complexes belonging to the Brunhes–Matuyama zones mainly comprise this
area. More ancient Pliocene trap complexes are developed in the south, in the Korazim
Plateau and Beteiha Valley, belonging to the Gauss and Gilbert superzones.
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adjacent areas of the Golan Plateau, Hermon Mt., and Galilea uplift (modified after [57]). (1) Volcanic
cones, (2) Cretaceous traps, (3) outcrops with the radiometric ages of basalts (in Ma), (4) boreholes,
(5) faults: (a) observed, (b) reconstructed, (6) pull-apart basin, (7) tectonic blocks rotations: (a) counter-
clockwise, (b) clockwise, (8) outcrops with the determined reversely magnetized basalts, (9) outcrops
with the determined normally magnetized basalts, (10) chrons of the Geomagnetic Polarity Timescale,
(11) areas of the reversely magnetized basalts, (12) areas of the normally magnetized basalts, (13) Gis-
sar superzone, (14) Jalal superzone, (15) Tuarkyr–Khorezm superzone, (16) Sogdiana superzone. The
paleomagnetic scale for this area is presented in Figure 19B.

In the Upper Galilee Heights, at the extreme west of the district, are mainly Upper
Cretaceous and Paleogene sedimentary formations related to the Khorezm–Tuarkyr and
Jalal paleomagnetic superzones. In the northeast, on the slope of Hermon Mt. are Jurassic
and Cretaceous formations penetrated by pre-collisional, collisional, and post-collisional
traps of the Gissar and Jalal superzones (Figure 20A,B). This peculiarity is reflected in more
detail in a separate paleomagnetic map of this uplift (see Section 5.1.3).

5.1.3. Hermon Paleomagnetic Map

One of the brightest and the most exotic in geological–geophysical terms is Hermon
Mt., belonging to the Antilebanon terrane [26]. This mountain is the most elevated tectonic
block of the Easternmost Mediterranean, reaching an absolute elevation of 2482 m above
sea level and with an abnormal depth of the Moho discontinuity—over 37 km [89].
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The area (see its location in Figure 3) is composed mainly of Jurassic limestones and
dolomites permeated by vast dike complexes of alkaline basaltoids and, in the south,
byeruptive volcanic breccias filling the diatremes with a width of 200 to 1500 m [90,91].
In the southeastern part of the area (Figure 21A), a strip of the Cretaceous volcanic
apparatuses—lavas, tuffs, and volcanic cones—was replaced to the south by the Early
Cretaceous sandstones and the Late Cretaceous carbonate rocks. The latter are sharply,
unconformably overlapped by the Quaternary basaltoids belonging to the traps occurring
on the northern part of the Golan Plateau [79].
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(A) Tectono-paleomagnetic indicators. (1) Lower Cretaceous basalt–basanite dikes, (2) Lower Creta-
ceous alkaline basalt flows and tuffs, (3) Jurassic–Lower Cretaceous diabase dikes, (4) Lower–Upper
Cretaceous alkaline basalt flows, (5) Lower Cretaceous diatreme pipes, (6) Upper Cretaceous alka-
line basalt cone, (7) faults, (8) axis of the Hermon anticline, (9) counterclockwise (a) and clockwise
(b) rotation of faults and magmatic bodies, (10) radiometric age of magmatic rocks, (11) points of
Mesozoic magmatism studied by different methods: (a) by K-Ar, Ar-Ar data, (b) Nd-Sr-Pb isotopic
data, (12) paleomagnetic measurements of the Pleistocene magmatic rocks: (a) reverse polarity,
(b) normal polarity; ((1–8) and (10–12) from [88,90–99], paleomagnetic zones (13–16): (13) Gissar,
(14) Jalal-1, (15) Jalal-2, (16) Sogdiana-2 (Matuyama and Brunhes Chrons). (B) Geodynamic changes
of Antilebanon terrane displacement in the Middle Mesozoic–Cenozoic. (C) Paleomagnetic scale.
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The Jurassic carbonate rocks form a gentle brachyanticlinal fold burrow Hermon, the
axis of which extends in the central part of the area in the SSW-NNE direction. In general,
the limestone Jurassic massif is penetrated by numerous diagonal tectonic faults parallel
to the Hermon anticlinal axis and sub-latitudinal arcuate faults, very characteristic of the
region of the EMM, where the primary regional rotation of tectonic blocks counterclockwise
is developed [14].

The paleomagnetic map of the Mt. Hermon area has been constructed for the first
time (Figure 21A–C). It is based on an integration of sufficiently detailed aforementioned
geological data, as well as petrological [93,95], petrostructural [91], radiometric [88,93–97],
and paleomagnetic [88,100] data.

All these data enable us to conclude that within the study area, three paleomagnetic
complexes are developed, two of which are Mesozoic (Gissar and Jalal), and one is Late
Cenozoic; the youngest zones of the Brunhes and Matuyama relate to the Sogdiana super-
zone (Figure 21C). The most ancient Gissar superzone is in the central and eastern parts
of the region and is composed of Jurassic carbonates. The latter are erupted by a set of
sub-meridionally oriented tholeitic microgabbro–dolerite megadikes [90]; the southern
dike—Orchard—reaches a width of 100–200 m [91].

The basanitic dike swarm is developed in the east of this zone. Few radiometric
age data for the Gissar dikes in the north give estimations of 140, 132.4, and 130 Ma.
To the south, the xenoliths of these rocks were carried by younger volcanoes, and their
radiometric ages were determined between 150 and 140 Ma. In the Elazar horizon, the age
of conglomerates is determined as 146 Ma [95].

These data are in good agreement with the age from the basal part of the Tayasir traps
(Wadi Maliah), i.e., 146 and 133.5 Ma [96,101], and with the age of the Um Sabune Middle
Miocene basalts conglomerates, i.e., 141.9 Ma in the Shelah area, 35 km north of the exit
bedrock basites of the Lower Cretaceous [81]. The Wadi Maliah district in the southwestern
block of the Antilebanon terrane in the zone of the left strike-slip DST is separated from
the northeastern block and Mt. Hermon by 100 km. This tectonic peculiarity is reflected in
the inset of Figure 21B, which indicates the evolution of the movement of the Antilebanon
terrane from the Jurassic to the present time.

5.1.4. Carmel Paleomagnetic Map

The Mt. Carmel structure (see its location in Figure 3) differs from other coastal
plain structures of the EMM by the essential tectonic amplitudes, vast development of
magmatic formations (from Mesozoic to Cenozoic), geomorphological characteristics, high
gravity–magnetic field gradients, and significant intensity of the seismic events [21].

Paleotectonically, the Carmel structure is located at the boundary between the Judea–
Samaria and Galilee–Lebanon terranes [6]. The recent analysis indicates that this boundary
is displaced a few km south of the Atlit fault branch zone (Figure 22A). Neotectonically, this
boundary coincides with the seismic activity zone within the Yagur fault branch system.
The boundary continues onshore and divides the area into the northern and southern
sectors [102].

The Carmel tectonic node is crucial in estimating the space interaction of the conti-
nental and oceanic zones in the studied region. The oldest discovered deposits are the
Triassic associations, an overlying series of the magmatic and sedimentary rocks of the
Early Mesozoic (Asher Volcanics) [103]. The last associations were covered by younger
Mesozoic–Cenozoic deposits and affected by the extended complex deformation of the
postaccretional tectonic stage (>130 Ma).
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in Figure 3) (modified and supplemented after [57]). (1) Cretaceous–Miocene basalts, (2) Miocene
gabbroid intrusive, (3) Pliocene Cover basalts, (4) outcrops (a) and boreholes (b) with the Mesozoic–
Cenozoic magmatic complexes, (5) radiometric age of magmatic rocks and minerals from K-Ar,
Ar-Ar methods (a) and zircon geochronology (b), (6) thickness of the Lower Cretaceous traps (in m),
(7) isolines of the Lower Cretaceous traps thicknesses (in m), (8) faults, (9) boundaries of terranes,
(10) counterclockwise (a) and clockwise (b) rotation derived from tectonic and paleomagnetic data,
(11) data of paleomagnetic measurements of magmatic rocks with normal (N) and reverse (R) polari-
ties, (12–15) paleomagnetic zones: (12) Gissar, (13) Jalal-1, (14) Jalal-2, (15) Tuarkyr, (16) Sogdiana-2.
(B) Paleomagnetic scale for the integrated paleomagnetic scheme for the Mt. Carmel–Galilee region.
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It was assumed earlier [103,104] that the Early Mesozoic formation of the Asher
Volcanics was generated within the graben structure. Gvirtzman et al. [105] proposed
that the formations composing this graben have a primarily continental genesis since they
include the soils and coal. Other data [106,107] indicate that Asher Volcanics relates to a
deep basin with a possible ocean-like crust; the results of our investigations [20–22] partially
coincide with the last proposition.

In a series of numerous works, we have established that the concept of the Asher
graben filled with volcanic rocks is initially tectonically and paleogeographically incorrect,
e.g., [23]. A detailed analysis made it possible to determine that the Early and Middle
Mesozoic igneous–sedimentary rocks underlying the Lower Cretaceous traps are a series of
sheets of ophiolite mélange. At the same time, the youngest of them, keratophyre mélange,
up to 164 million years old, lies at the base of the section. Furthermore, the oldest one,
Mt. Carmel Upper ophiolites, is composed of an olivine–basalt mélange with blocks of
igneous rocks up to 222.4 Ma old [57]. In general, the association of allochthonous oceanic
rocks of the Carmel–Lower Galilee is the thickest (up to 4 km) ophiolite complex in the
EMM, detached from a block of oceanic crust, penetrated along transform faults from the
northeast from the Neotethys zone towards the isolated oceanic basin of the Levant [21,57].
The platform Triassic terrigenous–carbonate formations underlying the Carmel–Galilee
ophiolite complex are of considerable thickness, up to 3000 m, and are intruded by Late
Jurassic and Early Cretaceous trap sills. Older sedimentary cover rocks require drilling at
depths over 6531 m and 5647 m (wells Atlit-2 and Devora-2A).

The complex of Carmel ophiolites with angular and structural unconformity is over-
lain by Lower Cretaceous traps and carbonate formations of the Upper Cretaceous and
Cenozoic, intruded by the Upper Cretaceous complex of volcanoes and Neogene traps. To
understand the characteristics of deep basement rocks, mineralogical–petrological, and
radiometric analysis of xenoliths found in the Cretaceous and Late Cenozoic trap series
play an important role. Discovering numerous mantle minerals [56,108–112] also confirmed
the last theory. It should be noted that an anomalously high content of the Permian zircons
was discovered in the xenoliths of the Cretaceous volcanoes [56]. Based on the ratios of
trace element analysis, these authors consider that these zircons are associated with the
magmatic complexes of the Earth’s crust of the oceanic type.

Figure 22A illustrates the results of paleomagnetic mapping of the well geological–
geophysical studied area of Mt. Carmel and the adjacent territories of the Galilee and the
Mediterranean shelf. Tectonically, this area belongs predominantly to the Galilee–Lebanon
terrane and the marginal parts of the Pleshet, Judea–Samaria, and Antilebanon terranes.
This area is significant for understanding the Carmel regional magnetic–gravity anomaly
(see Figure 5, Figure 9, and Figure 10), the apical part of which almost coincides with
the top part of the Carmel Plateau with the hypsometric elevations up to 546 m. The
Carmel anomaly (mainly associated with the anomalies from the crystalline basement
uplift) signs the southern part of the Galilea–Lebanon terrane, where significant changes in
the basement depth and thrust of the ophiolite sheets are developed. The latter includes
magmatic complexes and mélange [21].

The second geophysical boundary structure (besides the Carmel anomaly) located
near the junction of the Galilea–Lebanon, Antilebanon, and Judea–Samaria terranes is
the Malqishon magnetic anomaly (see Figures 3 and 7). We mention these anomalies in
connection with the fact that their geological nature, in contrast to the geophysical one,
needs to be studied more and requires additional data on paleomagnetic mapping, which
is presented below. This mapping became possible due to the attraction of new data on the
paleomagnetic, radiochronological, mineral, petrological, and structural–tectonic analysis
of the magmatic and sedimentary complexes developed here. In general, the paleomagnetic
mapping of this area made it possible to reveal at the surface (and in the subsurface) the
outcrops of the paleomagnetic superzones: Gissar, Jalal-1, Jalal-2, Tuarkyr, and Sogdiana-2
(Figure 22A,B).



Appl. Sci. 2023, 13, 10541 32 of 44

The data on the Gissar and Jalal-1 superzones (Figure 22A,B) were obtained (in con-
trast to the areas of the Mt. Hermon and the Makhtesh Ramon depression, where they are
developed in outcrops) from the numerous borehole sections, where both the thickness
and the radiometric age of these formations were studied. Due to these data, the geological
boundary of the Gissar and Jalal-1 superzones was mapped, corresponding to the pinch-
ing out of collisional–post-collisional effusive trap strata reaching a thickness of 463 m
(Caesarea-3 borehole), and to the east, around the Malqishon magnetic anomaly, probably
exceeding 500 m.

The second paleomagnetic phenomenon of the Mt. Carmel region is the development
of the Upper Cretaceous (Cenomanian) diamondiferous volcanics of the Jalal-2 superzone,
stratigraphically and radiometrically dated both in the natural outcrops and the wells
Foxtrot-1, Eliah-1, Carmel-1, and Ein Ha-Shofet [56,98] and outcrops [96,98,99]. It is indica-
tive that the outline and dimensions of the outcropping area of the paleomagnetic Jalal-2
superzone generally coincide with the gravity–magnetic [15,44,113] anomalies of Carmel
Mt. and its outskirts.

The data join the deep physical mechanisms of different levels—the mantle plumes
from the deep mantle and the movements of the Earth’s crust basement, which are sources
of shallow gravity and magnetic anomalies [14]. The Tuarkyr, confined in this area to
the Senonian, was developed in the form of insignificant areas at the surface as scattered
outcrops of the Bat Shelomo effusive rocks in the south of the Carmel Plateau, having a
radiometric age of 82 Ma [96].

The radiometrically dated sills from the Asher-1 borehole [114] and tuffs in the
Devorah-2 borehole [115], correspond to the Campanian and Maastrichtian, presenting
the other two finds in this superzone. The Late Cretaceous volcanic rocks of the Jalal-2
and Tuarkyr superzones outcropping on the surface in a few areas were studied by the
paleomagnetic method [116] and are characterized by a direct polarity (Figure 22).

The Sogdiana-2 paleomagnetic superzone, extending submeridionally concerning
the more ancient Mesozoic superzones, occurs discordantly, encompassing from the gi-
ant outcrop of the Cenozoic Ash Shaam traps diagonally stretching from the SE to the
NW. In this area, the belt of the Cenozoic traps forms the scattered outcrops within the
Cretaceous and Paleogene rocks, often combining with them in a narrow space—in the
Asher-1 borehole [114]—and even using the ways of introducing the Mesozoic traps, as it
was discovered [56] in the field of the Santonian Bat Shelomo volcano.

5.2. Paleomagnetic Mapping in Southern Israel
Makhtesh Ramon Paleomagnetic Map

According to our previous geological–geophysical studies, e.g., [20,57], the Makhtesh
Ramon block is a marginal subterrane of the relatively large Negev terrane. This terrane is
the extreme southwestern part of the MTB, collisional articulated with the Arabian-Nubian
part of Gondwana. This fact explains the greatest complexity of the Ramon subterrane
structure, which contains various tectonic–structural elements formed during the pre-
collisional, collisional, and post-collision stages of its paleogeodynamics. The subterrane
(Figure 23) has a wedge-shaped outline, the narrowed part of which is in the southwest
and extends to the northeast.

The paleomagnetic scheme (Figure 23A) and the diagram of the historical and geody-
namic reconstructions (Figure 23B) conventionally depict not all subterrane but the edge
(outline) of its submerged part corresponding to the erosion–tectonic depression, enclosing
outcrops of the Mesozoic rocks (Lower Cretaceous, Jurassic and Triassic) and Late Ceno-
zoic [79]. These rocks are permeated by a variety of Mesozoic traps, whose radiometric
ages range from 165.7 to 93.8 Ma [115] and contain the scattered outcrops of the ophiolite
plates of the Saharonim basalts [21], the radiometric age of which is refined within 205
and 207 Ma [117]. They correspond in age to the Illawarra-2 superzone, confirming the
paleomagnetic studies’ data [118], and determining their normal polarity. Ophiolites meet
the accretionary stage associated with the absorption of the Triassic–Jurassic crust of the
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Levantine part of the Neotethys Ocean in the middle of the Hauterivian (Early Cretaceous)
about 133 million years ago in the Levantine phase of tectogenesis [20,23].

The pre-collision formations preceding this phase are represented by the basaltic radial
dike swarms of the Omolon-2 and Gissar superzones and the laccolites and stocks of the
alkalic olivine gabbro, monzogabbro, and syenites [119,120]. The mentioned magmatic
associations are confined to the Gissar superzone and the initial stages of its transition to
the Jalal-1 superzone corresponding to the epoch of the tectonic collision—135–125 million
years ago.

One of the most significant indicators of this collision is a change in the magmatism
nature and bridging with the formation of a folded block structure Makhtesh Ramon. In this
erosion–tectonic structure, among the Lower Jurassic sandstones of the Inmar Formation,
a unique outcrop of Upper Jurassic (Oxfordian) limestones of the Beer Sheva Formation,
penetrated by Lower Cretaceous volcanic rocks, was found [107]. The authors of the
abovementioned work explained the presence of this single outcrop by the presence of a
graben in which the Oxford limestones were preserved from erosion.

These exotic formations in other areas of Makhtesh Ramon are absent, as well as in
the adjacent sections of the Hameishar subterrane and southern Avdat subterrane—in the
Nafha-1, Nafha-2, and Avdat-1 boreholes. The Oxford limestones were preserved from
erosion only at 30 or more kilometers to the north and northwest—in the sections of the
Boqer-1 and Shezaf-1 boreholes [121]. The amplitude of uplift of the Ramon subterrane
in the Levantine phase, judging by the thickness of the Upper and partly Middle Jurassic
rocks subjected to early secondary erosion, is about 700 m.

As a result of a comprehensive structural–geodynamic analysis [21], the reasons for
the anomalous removal to the day surface in the Ma’ale Ha’atzmaut area (see Figure 23A)
of blocks of these limestones (tens of meters in size) were identified. This process is due to
ascending volcanic movements that have passed through the underthrust zone between
the Avdat and Ramon subterranes, where these limestones are submerged under older
rocks. This deep removal is significant evidence of the geodynamic intensity of movements
of the Levantine phase of tectogenesis [23] at the boundary between Gondwana and the
Neotethys Ocean.

During the post-collisional phase, corresponding to the Jalal-1 and Jalal-2 superzones
(Figure 23C), the effusive olivine–basalt–basanite–nephelinite association was formed,
among which the deep xenoliths are widely developed. They are represented by the mantle
dunites, harzburgites, lherzolites, lower crustal gabbroids, and xenoliths of the Upper
Proterozoic tuffs [120], various minerals of the diamond-bearing association, and the small
diamond crystals themselves [122].

The paleomagnetic data [118,135,136] and their radiometric and stratigraphic correc-
tions [134] confirmed the belonging of this paleomagnetic stage of the Middle Cretaceous
(Aptian–Cenomanian) epoch of the direct geomagnetic field polarity dominance.

The geodynamic processes are of significant interest for the Makhtesh Ramon and
its blocks (Figure 23A). For this purpose, we used the analysis of the discontinuities and
hypsometry of the plateau framing the canyon itself and outlines of the erosional canyon.
The latter is essential because the boomerang-like canyon outlines with a deviation of the
southwestern end to the east, and of the northeast end to the west, indicating the rotation
of the subterrane in the counterclockwise direction.

At the same time, the highest hypsometric marks exceeding 1000 m are in a narrow
zone corresponding to the center rotation of the tectonic block. The cirrus nature of tectonic
ruptures, spherical in places with prominent shear–slip elements, confirms the regional
nature of the rotation of the structure, mainly in the counterclockwise direction. To analyze
the evolution of movements of the Ramon subterrane (Figure 23B), we examined the
movement of the radiometrically dated dikes and chains of the effusive rocks displaced
from the primary latitudinal orientation. The performed studies showed that during almost
the entire Jurassic–Middle Cretaceous stage, the area experienced a movement from the
southern side of the Neotethys Ocean to the southwest with a concomitant counterclockwise
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rotation (except for a part of the Aptian centuries (115–125 Ma ago), when the sublatitudinal
post-collisional dikes shifted clockwise).
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Figure 23. Makhtesh Ramon geodynamic–paleomagnetic map (see its location in Figure 3) (modified
and supplemented after [23]). (A) Geodynamic–paleomagnetic indicators. (B) Geodynamic changes
in Makhtesh Ramon subterrane displacement in the Middle Mesozoic. (C) Paleomagnetic scale.
(1) Pre-collisional–collisional basalt dikes, (2) post-collisional alkalic olivine basalt flows and volcan-
oclastic rocks, (3) pre-collisional association of alkalic olivine gabbro, monzogabbro, and syenites,
(4) post-collisional association of basanites and nefelinites, (5) quartzitic hexagonal prisms, (6) faults,
(7) hypsometric isolines within the Makhtesh Ramon plateau (1–7 from [21,79,119,120,123–133], (8) ra-
diometric age of the magmatic rocks (from [115,117,134], (9) counterclockwise (a) and clockwise
(b) rotation of the linear structures (faults, dikes, and volcanic ridges), (10)–(11) magmatic rocks with
normal (10), and reversal (11) paleomagnetic polarity (from [118,135,136], (12)–(15) paleomagnetic
zonation inside the magmatic complexes: (12) Illawarra, (13) Omolon, (14) Gissar, (15) Jalal.

5.3. Paleomagnetic Mapping as One of the Indicators for Discovering Mantle Rotating Structure
below the Easternmost Mediterranean

Twelve independent geological–geophysical indicators discovered the mantle giant
rotating structure below the EMM [14], including paleomagnetic parameters. Examples
of the primarily counterclockwise rotation were shown in detail for the Sea of Galilee and
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around it (Figure 19), Hula Basin (Figure 20), Hermon area (Figure 21), Carmel structure
(Figure 22), and Makhtesh Ramon area (Figure 23). Besides the small tectonic blocks and
dikes, terranes and subterranes mainly rotate counterclockwise, which include these bodies.
This fact can be seen in Figures 21B and 23B (Hermon and Makhtesh areas).

In other regions of the EMM, for example, in the Troodos (Cyprus) and Baer-Bassit
(Syria), the ophiolite massifs [137] were found where the rocks were subjected to significant
counterclockwise rotation. Paleomagnetic reconstructions made it possible to construct
visual geodynamic diagrams illustrating the rotation of the structure of Cyprus Island
counterclockwise from the Cretaceous to the Late Cenozoic (Figure 24). The analyzed
generalization of the numerous paleomagnetic data in the areas mentioned above in Israel
and many other areas of the EMM is shown in Figure 25. One of the most essential
geodynamic factors is the Anatolian plate’s tectonic knot, confined to the projection of
the apical zone of the mantle structure. Here, most of the tectonic blocks, according to
GPS data, experience a counterclockwise rotation, e.g., [138]. On the other hand, the
data of paleomagnetic studies, e.g., [66,68], are consistent with satellite geodesy data.
The coincidence of different methods indicates the relevance and sustainability of the
phenomena of regional geodynamics due to deep processes.
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Figure 24. Geodynamic schemes of Cyprus rotation (Cretaceous–Late Cenozoic). (A) Counterclock-
wise rotation of Cyprus from Late Cretaceous to Late Miocene according to paleomagnetic data [139],
(B) change in the relative position of Cyprus and the African–Arabian Plate of Gondwana paleocon-
tinent in Late Cretaceous according to paleomagnetic data [137], (C) structural–paleogeodynamic
reconstruction of Cyprus’ paleostructures within the Late Cretaceous Tethys Paleo Ocean and its
frame (after [13]). I, subducting oceanic plate of the southern side of Neotethys; II, ophiolite complex
of the Early Mesozoic crust of the Mammonia basin; III, area of spreading zone of Late Cretaceous
part of middle Troodos ridge; IV, zone of terranes of the Aegean–Anatolian belt with continental crust.
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Figure 25. The tectonic–geophysical sketch map of the African–Arabian junction superimposed on
the gravity residual anomaly (modified after [14]). (1) Archean cratons, (2–4) fold belts: (2) Paleo–
Middle Proterozoic, (3) Neoproterozoic, (4) Late Paleozoic (Hercynian), (5) Mesozoic terrane belt,
(6) Alpine–Himalayan orogenic belt, (7) African–Arabian Late Cenozoic traps, (8) main fault systems,
(9) Kiama paleomagnetic hyperzone of inverse polarity [22], (10) isolines of the obtained polynomial
regional gravity trend, (11) rotational geodynamic elements derived from the paleomagnetic data;
(a) counterclockwise, (b) clockwise, (12) global counterclockwise rotation by the GPS data (modified
after [138]).
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6. Discussion

The hard-to-explain phenomena of magneto-geophysics prompted the organization of
comprehensive research in paleomagnetic mapping aimed at revealing the dynamics and
history of the development of structures based on the reconstruction of their paleomagnetic
age. The paleomagnetic mapping includes the procedure for paleomagnetic determination
of age and the typification of the magnetized objects, making it possible to apply the plate
geodynamics concepts widely. It enables us to describe the stages of development of
various forms of magmatism under conditions of transition from the ocean to the continent.
It should be emphasized that the broad integration of paleomagnetic mapping with other
geophysical (e.g., gravity, geothermics, and seismics) and geological methods (firstly,
tectonic–structural reconstructions, petrological, and mineralogical analyses) noticeably
increases the efficiency of its application.

Quantitative analysis of Carmel (Figure 5) and Rosh-Ha-Ayin (Figure 6) magnetic
anomalies indicates that they have the same depth of the upper edge and the same normal
vertical (90◦) magnetization vector orientation. Besides this, the developed Curie map
(Figure 2B) implies that these areas are characterized by the same depth of the Curie
discontinuity. These mutual parameters allowed us to conclude that these targets are
formed at the same geological time and compose one common geodynamic zone.

The upper edge of the Malqishon anomaly source is at a depth of 4500 m, and magne-
tization vector inclination is about 105◦; the tectonic origin of this anomaly is a discussable
one. The advanced analysis of magnetic anomalies in the Sea of Galilee and around it is
reliably connected to the paleomagnetic and radiometric analyses that allowed the devel-
opment of an integrated geological–geophysical scheme of this tectonically complex area.

The combined comprehensive 3D gravity–magnetic modeling in the Carmel area
(where the results of quantitative analysis of magnetic anomalies were introduced as a
model of a first approximation) gave the possibility to construct a map of the crystalline
basement uplift relief (Figure 10). Undoubtedly, this tectonic feature played an essential
role in the geodynamics of this complex area.

Tectonic–paleomagnetic mapping as a new geological–geophysical tool contributed
to a necessary amendment to understanding the nature and structure of Israel and the
EMM. The studied areas in Israel—Makhtesh Ramon, Mt. Carmel, Sea of Galilee, Hula
Valley, and Mt. Hermon—are unique objects from the geological point of view, and they
are well studied in various ways. However, their geodynamics, structure, and other critical
questions of genesis are not clear and inexplicable. Therefore, we decided to apply the
combined paleomagnetic mapping to investigate these intricate targets.

Interestingly, by the paleomagnetic mapping examination, a wide diapason of the
paleomagnetic data was used: from the Paleozoic (Permian–Carboniferous) Kiama pa-
leomagnetic superzone in the EMM) to the Holocene, an almost modern volcano with
the Birkat Ram crater lake in the Golan Heights. It should be accentuated that this study
became possible only thanks to the many years of painstaking work of Israeli geologists
and geophysicists, who created a vast database of paleomagnetic and radiometric stud-
ies as well as geological mapping and tectonic reconstructions for Israel’s territory. Our
comprehensive studies in the African–Arabian region of the junction of Eurasia and Gond-
wana [14,21] with the prevalent application of paleomagnetic mapping techniques are the
testing instrument for the combined investigations of geologically complex areas.

It has long been assumed that tectonic movements in the EMM, south of the Aegean–
Anatolian Plate, were associated with the transcontinental shears from the Atlantic
Ocean [140]. Meanwhile, integrated analysis of numerous geological–geophysical data
allowed us to conclude that the main EEM structures are associated not with the mentioned
folding but with the Neotethys Ocean’s collision. South of the Alpine orogenic belt, within
the Arabian and Sinai lithospheric plates, the Mesozoic terrane belt (MTB) was identified
(Figure 25), e.g., [23]. An allochthonous oceanic crust occupies the westernmost part of
the mentioned belt. We propose that the collision processes’ features include the influence
of a deep giant structure rotating counterclockwise [14]. This rotation indicates that the
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MTB’s most critical element movement occurred from the northeast to the southwest of
the EM. These structural–geodynamic data (in addition to several significant geological–
geophysical features) are also confirmed by paleobiogeographic data showing that the
allochthonous Jurassic fauna of the Ethiopian province is widely developed in EMM [23].
An important role was the discovery of an ancient block of oceanic crust in the western
part of the MTB, corresponding to the reversely magnetized Kiama zone of the Early Per-
mian age (Figures 12–15 and 17). This block was evidently moved along transform faults
from the Neotethys region, roughly relating to the current location of Eastern Arabia. The
movement of MTB terranes contributed, for instance, to the formation of Mt. Carmel ophio-
lites (northern Israel) [57]. In the absorption zone of the EM autochthonous oceanic crust,
the Saharonim, Hameishar, and Karkom ophiolites (in/near the Makhtesh Ramon area,
southern Israel) arose [23]. Thus, we can conclude that the multi-parametric geophysical–
geological assessment (3D magnetic–gravity modeling, paleomagnetic, paleobiogeographic,
petrological, and tectonic–structural analyses) unambiguously indicates the allochthonous
nature of the MTB and the EM oceanic crust, which moved over more than 1000 km from
the northeast.

The detection of the Earth’s crust’s narrow block of reverse magnetization in the Lower
Galilea, near Lake Kinneret (Figure 16), according to the recent mineralogical-petrological
data [56,58], may correspond to the initial spreading of the Neotethys Ocean (253–283 Ma).

Based on the research conducted, we can conclude the following main items.
Our integrated analysis, based on the plate tectonic concept, testifies that the domi-

nance of the geodynamics of the region in the Mesozoic and Cenozoic was carried out not
from the western (Atlantic) but from the eastern (Neothetical) direction. Applying paleo-
magnetic data with further mapping made it possible to evaluate the previously identified
structures of various ranks from the standpoint of statics and geodynamics. This approach
is novel due to the optimal combination of various applied geological–geophysical methods.

In this study, for the first time, the paleomagnetic maps were accompanied by the
corresponding scales that make these maps more understandable (Figure 19B, Figure 21B,
and Figure 22B). Areas of development of the Kinneret (Figure 19A) and Hula (Figure 20)
pull-apart basins have been identified, experiencing not only differentiation under the
left DST shift conditions but also the formation of the faults and ring structures rotating
counterclockwise in the adjacent zones. This phenomenon, previously established in [69,76],
was explained by the extended integrated geophysical studies in the region using 3D
modeling and structural–geodynamic analysis [14].

The staging of the development of the Negev and Antilebanon terranes (see Figure 1) was
substantiated by the example of the Hermon (Figure 21) and Makhtesh Ramon (Figure 23)
areas, respectively, at the phases of their existence in the conditions of the oceanic margin in
the pre-collisional phase of development, and in the further stages—the collisional develop-
ment and the post-collision movements. These data indicate that both mentioned terranes
and MTB moved in the Mesozoic from the east to the west in a counterclockwise direction.

The paleomagnetic mapping contributed to the finding of an ophiolite complex in the
southern framing of the EMM, an area topologically replaced by the MTB in the southern
margin of the Neotethys Ocean. The 3D magnetic field modeling [21] indicates that the
thickness of the ophiolite complex to the south of the Makhtesh Ramon area reaches 500 m
(Figure 11B).

The paleomagnetic data studies in the Carmel area (22A) made it possible to show in a
new way that the Triassic–Jurassic ophiolite complex underlying the Aptian–Albian traps
of the Mt. Carmel within the Galilea–Lebanon terrane contrasts sharply with the Mesozoic
and sedimentary rocks penetrated by traps. These traps’ regional Late Jurassic–Neocomian
age precedes the Late Jurassic–Neocomian phase of joining the MTB to the Gondwana.

The paleomagnetic analysis of the oceanic crust of the EMM, where the oldest Kiama
hyperzone of inverse polarity was identified [21,22], was cartographically implemented
(Figure 17). The map development was based mainly on the correlation with the ophiolites
of the neighboring areas of the Galilea–Antilebanon terrane, with the ophiolite plates
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of the Illawarra, Omolon, and Gissar superzones immediately following in the general
paleomagnetic scale after the Kiama superzone. Such an ancient crust has an allochthonous
origin, which is evident due to (1) the presence of the Cretaceous ophiolites dominating in
the Alpine belt of this junction of Eurasia and Gondwana, and (2) the development of the
Neotethys oceanic crust in the very Late Paleozoic (Kiama paleomagnetic chron) to the east
of the studied region. These studies open new aspects of the development of the terrane
belts in plate tectonics, where both the continental and oceanic terranes are present.

During paleomagnetic mapping, we revealed the phenomenon of changing the strike
of magnetoactive bodies of different ages. These bodies represent single linearly oriented
structures, i.e., sills, dikes, and their swarms, and larger zones of coeval trap formation.

A difference in the strike of dikes of different ages was revealed in the Antilebanon
terrane near Hermon Mt. (Figure 21B) and in the south of the Negev terrane, the Makhtesh
Ramon subterrane (Figure 23B). A common feature for both regions is that the older
dikes of intrusive traps extend submeridionally. In comparison, the younger dikes extend
sublatitudinally, thus fixing the rotation of the terranes counterclockwise by more than 90◦.

In Carmel and Galilee, in the junction zone of the Galilee–Lebanon, Antilebanon,
Judea–Samaria, and Pleshet terranes (see Figure 1), a rotation of the magnetization zones
of the Early, Late Cretaceous, and Late Cenozoic was revealed (Figure 22A). In general,
the older traps of the Hissar and Halal-1 superzones of the Late Jurassic-Early Cretaceous
extend in the NNE-SW direction, while the younger Halal-2 traps of the Late Cretaceous
extend in the direction of NE-SSE. The youngest traps of the Sogdiana-2 zone of the
late Cenozoic extend in the direction WNW-ESE, as well as the largest trap zone in the
Eastern Mediterranean, Harrat Ash Shaam, to which it belongs. The final moment of the
regional paleomagnetic mapping of the Carmel–Galilee region is the fact that from the
Early Cretaceous to the Late Cenozoic, this vast zone of the Mesozoic terrane belt was
rotated for about 140 Ma by at least 90◦ counterclockwise.

According to the paleomagnetic mapping, the Cenozoic stage of development in the
region observes contrast in terms of discordance of the paleomagnetic structures of the
Mesozoic and Cenozoic. This discordance was explained in the light of the latest combined
geodynamic studies [14], according to which the axis of the deep mantle structure in the
middle of the Cenozoic began to turn more intensively in the counterclockwise direction,
which caused the lithospheric plate disruption development, and the formation of the
topologically displaced zones of the dike complexes and younger effusive traps.

7. Conclusions

Based on the presented research, we can conclude the following:

(1) The wide application of practical methodologies for the quantitative interpretation
of magnetic anomalies in complex geological conditions allows the creation of novel,
precise physical–geological models for solving different tectonic, structural, environ-
mental, and other problems;

(2) The paleomagnetic methods have established themselves as powerful tools for geo-
dynamic mapping. At the same time, their effectiveness and significance will be
increased by optimal integration with other geological–geophysical methods;

(3) The geodynamic results retrieved from the paleomagnetic data are unique and some-
times cannot be obtained from other geological–geophysical data;

(4) The presented regional tectonic–geodynamic data suggest the need to revise the
geodynamic development of the Eastern Mediterranean.
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