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Abstract: The easternmost Mediterranean is a distinct transition zone from the ocean to the conti-
nent located at the junction between the largest Earth's lithospheric segments: Eurasian and African.
The methodology of paleomagnetic mapping of such transition zones is based on integrating the
mapping techniques for both continental and oceanic platforms: paleomagnetic reconstructions, re-
sults of radiometric dating of magnetized rocks, tectonic-structural reconstructions, biogeography,
and utilization of the results of various geophysical surveys. The geodynamic-paleomagnetic map-
ping makes it possible to reveal the multilevel structural heterogeneity and display complex ele-
ments of the geodynamics of different ages inherent in this transition zone. Northern Israel is obvi-
ously the most complex area in the easternmost Mediterranean. For the combined paleomagnetic
mapping, well-studied paleomagnetically and radiometrically areas were selected: (1) the Carmel
area, (2) the Atlit area (internal part of the Carmel area), (3) the Sea of Galilee with the adjoining
zones (primarily, the Kinnarot Valley), and (4) the area of the Hula Basin with adjacent areas of the
Golan Plateau, Hermon Mt., and Galilea uplift. The constructed paleomagnetic profiles for the Car-
mel area (on the top of the accumulative surface of the Lower Cretaceous traps), and the Kinnarot
Valley — Sea of Galilee — Hula Basin, evidently indicate the complex history of the paleogeodynamic
evolution of the region. These studies demonstrate the effectiveness of paleomagnetic mapping in-
terated with paleomagnetic profiling, which crosses these geologically complex areas.

Keywords: paleomagnetic mapping; paleomagnetic profiling; radiometric dating; tectonic-struc-
tural interpretation; integrated study

1. Introduction

The easternmost Mediterranean is a transition zone between the large tectonic-geo-
dynamic structures of the Earth: Eurasian and African [1-5]. Unique structural features
characterize the area that simultaneously expresses the elements of the tectonic collision
associated with the evolution of the Tethys Ocean [6-8] and the initial spreading of the
Red Sea rift system [9]. In the Cenozoic, four lithospheric plates intruded into the area:
Nubian, Arabian, Aegean-Anatolian, and Sinai [10].

This tectonic-geodynamic setting is of extreme complexity and variegation of the de-
veloped tectonic elements and the rock complexes of the Earth's crust. The mentioned
geological features form a very bizarre intersection, which combines heterogeneous con-
tinental and oceanic crust blocks, ophiolite belts, traps, folded island-arc, and terrane com-
plexes, and the complex zones of strike-slip, thrusts, and underthrust faults [11-16].

The widespread development of the magmatic sequences of different ages and ori-
gins stimulated the employment of magnetic investigations in the region under study
[e.g., 17-23]. Therefore, paleomagnetic methods are vital in considering the presence of a
variety of arbitrary magnetized rocks. At the same time, the importance of paleomagnetic
studies goes beyond just explaining the magnetic anomalies. Paleomagnetic data have

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202204.0226.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2022 d0i:10.20944/preprints202204.0226.v1

2 0f 24

successfully recommended itself for deciphering the structure of the intricate targets from
the subsurface up to the large depths in the continents and oceans [24-28].

Paleomagnetic methods were applied partially in the transition zones from ocean to
continent [29]. However, their initial application in the easternmost Mediterranean region
was triggered by the work of Ben-Avraham et al. [30]. The previous experience of our
studies in this region [16,18,31-33] indicates that paleomagnetic studies are effective in
analyzing the geodynamic-tectonic features of the easternmost Mediterranean.

The use of paleomagnetic-radiometric mapping (based on the integrated use of mag-
netostratigraphic divisions of different orders and corresponding radiometric data) in this
region began with the research of Eppelbaum et al. [18,19]. It can be applied primarily in
areas with comprehensive paleomagnetic study accompanied by detailed radiometric da-
ting. Besides this, the mentioned mapping demands knowledge of tectonic-structural re-
constructions, drilling results, and different geophysical data analyses. We have signifi-
cantly expanded the techniques and methods of the paleomagnetic mapping in the East-
ernmost Mediterranean, combining it with the regional gravity, magnetic and seismic
data, and the structural analysis of sedimentary formations and crustal blocks, which are
discussed below.

2. Tectono-Paleomagnetic Mapping and its Role in Geological-Geophysical Integra-
tion

Paleomagnetic research is widely accepted as a powerful independent tool for geo-
dynamic and tectonic analysis, studying in-depth features, searching for economic miner-
als, and archaeogeophysical analysis [e.g., 24,26,28]. In principle, the geological-geophys-
ical conclusions reached from paleomagnetic data analysis cannot be obtained using other
geophysical or geological methods [22,34]). Regional and local magnetostratigraphic
charts are widely applied to unify the stratigraphic schemes and correlate the numerous
local subdivisions. Paleomagnetic mapping (zonation) can be realized in well-studied ar-
eas with detailed paleomagnetic estimation, radiometric dating, and structural-tectonic
examination. Paleomagnetic mapping enables “jumping” from the single measurements
to some areal reconstructions that increase the paleomagnetic method's effectiveness. At
the same time, integration of paleomagnetic data with the set of geophysical-geological
approaches often strongly increases the reliability and the significance of the combined
research.

The first paleomagnetic stratigraphic studies in sedimentary rocks are associated
with investigations by Irving and Runcorn [35]. The authors detected normal and reversed
magnetic polarities in the Proterozoic Torridonian Sandstones and rocks from the Devo-
nian and Triassic Ages in Scotland. For the Torridonian Sandstones, an attempt was made
to correlate the observed polarity zones in stratigraphic sequences (after [36]).

Khramov’s [37] investigation focused on the magnetic polarity stratigraphy in Plio-
cene-Pleistocene sediments from western Turkmenistan (Central Asia), where he carried
out chronostratigraphic interpretations based on equal time of polarity intervals. Picard
[38] successfully applied magnetostratigraphic studies to Triassic red sandstones of the
Chugwater Formation (Wyoming, USA). Irving [39] discovered the Kiama paleomagnetic
zone of inverse polarity in upper Paleozoic rocks in Australia and defined its interrelation
with covering the Illawarra zone of normal polarity. This discovery has played a key role
in subsequent paleomagnetic investigations [26].

The development of the first paleomagnetic maps was associated with mapping
ocean bottoms, where a series of direct and inverse magnetization zones were interpreted
to be spreading zones [40,41]. At present, the paleomagnetic ocean reconstructions include
stages from the Cretaceous and Cenozoic [42] to the Middle Jurassic [43,44]. McDougall
et al. [45] demonstrated an effective integration of paleomagnetic analysis with radio-
metric dating to examine basaltic formations in western Iceland.

Several examples of paleomagnetic zonation of sedimentary deposits in the Volga-
Ural and Caucasus regions (Russia) were displayed in [27,46]. Paleomagnetic mapping of
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the volcanogenic association of the Miocene traps of Transcarpathia was presented in [47].
Kissel and Laj [25] demonstrated the foundations of the geodynamic paleomagnetic zona-
tion with examples from the easternmost Mediterranean, New Zealand, the USA, and
some other regions. Opdyke and Channel [26] presented some generalizations for paleo-
magnetic mapping. Kristjansson and Jonsson [48] significantly extended the perspectives
of paleomagnetic mapping in Iceland. Goguitchaichvili et al. [49] have reliably mapped
the Gilbert-Gauss geomagnetic reversal in the Pliocene volcanic sequences in the Lesser
Caucasus.

Nur et al. [50] carried out the early geodynamic paleomagnetic zonation of the tran-
sition zone from ocean to continent in northern Israel. The mentioned authors revealed
several tectonic blocks of the predominant counterclockwise rotation. Rolland [51] has
skillfully applied paleomagnetic mapping to unmask the Caucasian collisional history.

Eppelbaum et al. [18,19] have applied the integrated paleomagnetic and magnetic
analyses and radiometric data examination for the tectonic-structural constructions in the
region of the Sea of Galilee. As a result, for this area an initial magnetic—-paleomagnetic -
radiometric map (scheme) was developed.

The combined magnetic-paleomagnetic analysis enabled the discovery of the Kiama
zone of inverse polarity in the easternmost Mediterranean [31]. This research triggered
the development of the first paleomagnetic map of the easternmost Mediterranean based
on the integrated interpretation of different geophysical fields and comprehensive analy-
sis of the surrounding sedimentary and volcanogenic structures [22,32,33,52].

Paleomagnetic-geodynamic mapping [22,31] of the easternmost Mediterranean, lo-
cated between the boundaries of Laurasia and Gondwana, where the Eurasian, Aegean-
Anatolian, Nubian, Sinai, and Arabian plates converge, made it possible to clarify and
substantiate the location and nature of their crust. For the first time, ophiolite exposures
in the distal regions of the foreland adjacent to the southern Tethys zone were identified
and mapped. A new tectonic map of the region has been compiled, where the Mesozoic
Terrane Belt (MTB) with pre-collision, collision, and post-collision traps have been recog-
nized and contoured [22].

The specific complexity of the easternmost Mediterranean, where collision and
spreading converge, makes it possible to test a combination of paleomagnetic studies, ra-
diometric dating, and various kinds of structural and tectonic analysis. A wide range of
applied analytical, search and survey methods gives a reason to believe that this area can
become a reference for mapping techniques for transition zones from the ocean to the
continent and geologically complex regions.

3. Paleomagnetic mapping and profiling in northern Israel

The combined paleomagnetic mapping has been performed for the following geolog-
ically complex areas in northern Israel: (1) Mt. Carmel and surrounding areas and (2) Atlit
area as part of the Mt. Carmel paleomagnetic map (it was caused by the high complexity
of the map mentioned above), (3) Sea of Galilee and its vicinity, and (4) Hula Basin and
adjacent areas. The paleomagnetic profiles developed across the Carmel — Galilee region
(II - IT") and across the Hula Valley — Sea of Galilee — Hula Basin (I — I' - I'') unmask
nontrivial geological sections of these areas.

3.1. Paleomagnetic maps of Carmel and Atlit areas

The Mt. Carmel structure (see Figure 1) differs from other coastal plain structures of
the easternmost Mediterranean by a set of numerous geological-geophysical characteris-
tics [17,53-57].
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Figure 1. Very simplified structural map of with location of areas of paleomagnetic-radiometric
generalization and examined magnetic anomalies.

(1) Mesozoic Terrane Belt, (2) Neoproterozoic Belt, (3) intraplate faults, (4) interplate Dead Sea
Transform (DST), (5) paleomagnetically investigated areas: CA, Carmel, AT, Atlit, SG, Sea of Galilee
(Lake Kinneret), HU, Hula, (6) location of paleomagnetic profiles I - I' — I'" and II - II'. JS, Judea-

Samaria.
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Figure 2. Geodynamic-paleomagnetic map of the Mt. Carmel — Galilee region, CA (see its location
in Figure 1). (1) Cretaceous-Miocene basalts, (2) Miocene gabbroid intrusive, (3) Pliocene Cover bas-
alts, (4) outcrops (a) and boreholes (b) with the Mesozoic-Cenozoic magmatic complexes, (5) radio-
metric age of magmatic rocks and minerals from K-Ar, Ar-Ar methods (a) and zircon geochronol-
ogy (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 clock-
wise (b) rotation derived from tectonic and paleomagnetic data, (11) data of paleomagnetic meas-
urements of magmatic rocks with normal N and reverse R polarities, (12-15) paleomagnetic zones:
(12) Gissar, (13) Jalal-1, (14) Jalal-2, (15) Tuarkyr, (16) Sogdiana-2. The bold brown line shows the
location of the paleomagnetic profile I —I'. The following main works were used for this map con-
struction: [22,23,50,56,58-78].

The Carmel structure is located at the boundary between the Galilee-Lebanon and
Judea-Samaria terranes [6]. Neotectonically, this boundary coincides with the zone of seis-
mic activity within the Yagur fault branch system; it continues onshore and divides the
area into the southern and northern sectors [79]. The most recent analysis shows that this
boundary is displaced a few km south of the Atlit fault zone [56].

The Carmel tectonic system plays an essential role in estimating the spatial interac-
tion of the continental and oceanic zones in this area. The oldest discovered deposits are
Triassic strata, overlying series of the magmatic and sedimentary rocks of the Early Mes-
ozoic (Asher Volcanics) [80]. The last associations covered by younger Mesozoic-Cenozoic
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deposits are affected by the prolonged complex deformation of the postaccretional tec-
tonic stage (> 130 Ma).

Gvirtzman and Steinitz [80] and Garfunkel [81] assumed that the Early Mesozoic for-
mation of the Asher Volcanics was generated within the graben structure. Gvirtzman et
al. [53] suggested that the formations composing this graben have a predominantly conti-
nental genesis, including soils and coal. According to other data [82,83], the Asher Vol-
canics relate to a deep basin with a possible ocean-like crust; the results of our investiga-
tion [22,31,32] partially agree with the last proposition.

Discovering numerous mantle minerals [57,73,78,84,85,86,87] also confirmed the
mentioned suggestion. The anomalously high content of the Permian zircons was found
in the xenoliths of the Cretaceous volcanoes [78]. Based on the analysis of the ratios of
trace elements, the authors mentioned above believed that these zircons are associated
with the magmatic complexes of the Earth's crust of the oceanic type.

In the current work, we have expanded the areas of paleomagnetic mapping of the
northern part of the easternmost Mediterranean by the attraction of the geologically- ge-
ophysically well-studied area of Mt. Carmel and the Sea of Galilee and adjacent areas
(Figure 2).

The Atlit paleomagnetic map (Figure 3) occupies the central-northern part of the Car-
mel paleomagnetic map. Tectonically, this area belongs mainly to the Galilee-Lebanon
terrane and the marginal parts of the Pleshet, Judea-Samaria, and Antilebanon terranes
(Figure 3). Geophysically, this area is significant in developing the Carmel regional mag-
netic-gravity anomaly [54], the apical part of which almost coincides with the top part of
the Carmel Plateau with hypsometric elevations of up to 546 m. The Carmel anomaly
marks the southern part of the Galilee-Lebanon terrane, where significant differences in
the basement depth [54] and developed ophiolite sheets were found. The latter enclose
the magmatic complexes and mélange [22].

Applied paleomagnetic mapping (profiling) became possible due to the attraction of
new numerous data on the paleomagnetic, radiochronological, mineral, petrological, and
structural-tectonic analysis. The Gissar and Jalal-1 superzones were derived from the sec-
tions of multiple boreholes [e.g., [88], where the thicknesses and the radiometric ages are
accomplished. The geological boundaries of the
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Figure 3. Geodynamic-paleomagnetic map of Atlit area (AT), the middle part of the Carmel area

(see its location in Figure 1). This map was developed on the basis of a geological map [56]

(1) basalt lava flows, (2) basalt tuffs, (3) tuffs and flows of basalt volcanic units, (4) landslide scars,

(5) highest hypsometric marks, (6) hypsometric lines

Gissar and Jalal-1 superzones correspond to the pinching out of collisional-post-col-
lisional effusive trap strata reaching a thickness of 463 m (Caesarea-3 borehole).

Stratigraphic and radiometric data from the natural outcrops and Foxtrot-1, Eliah-1,
Carmel-1, and Ein Ha-Shofet wells [56,67,78,89] indicate the development of the Upper
Cretaceous (Cenomanian) diamondiferous volcanics of the Jalal-2 superzone. It is pretty
indicative that the outline and dimensions of the outcropping area of the paleomagnetic
Jalal-2 superzone generally coincide with the distribution area of both magnetic [54,90]
and gravity [17,54] anomalies of the Mt. Carmel and its outskirts.

The data mentioned above join the deep-geophysical mechanisms of different levels
— the mantle plumes from the deep mantle and the movements of the basement of the
Earth's crust, which are sources of the shallow anomalies in the gravity and magnetic
fields [16,91]. The Tuarkyr paleomagnetic zone, confined in this area to the Senonian, was
developed in the form of the insignificant domains 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 [89].


https://doi.org/10.20944/preprints202204.0226.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2022 d0i:10.20944/preprints202204.0226.v1

8 of 24

The other two finds in this superzone are associated with the radiometrically dated
sills from the Asher-1 borehole [70] and tuffs in the Devorah-2 borehole [60], correspond-
ing to the Campanian and Maastrichtian. Paleomagnetic studies [68] indicated that Late
Cretaceous volcanic rocks of the Jalal-2 and Tuarkyr superzones outcropping in a few ar-
eas are characterized by a normal polarity.

The Sogdiana-2 paleomagnetic superzone, concerning more ancient Mesozoic super-
zones, extends submeridionally and occurs discordantly, ranging from the giant 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 and often combines with them in a narrow space (e.g., in the Asher-
1 borehole [70]). The Cenozoic traps even used the ancient faults and volcanic apparatus
to intrusion into the Mesozoic traps, as discovered [78] in the Santonian Bat Shelomo vol-
cano field.

3.2. Paleomagnetic profile across the Carmel-Galilee region

The paleomagnetic profile crosses the area of Mt. Carmel, northern Galilee, and the
Korazim Plateau of the DST region (north of Lake Kinneret), from SW to NE, from the
Pleshet terrane through the Galilee-Lebanon terrane to the Antilebanon terrane (Figure 1
and 4). This profile is constructed along the top of the accumulative leveling surface of the
Lower Cretaceous traps belonging to the Jalal-1 paleomagnetic zone (131-105 Ma). The
Pleshet and Antilebanon terranes are tectonically somewhat uplifted compared to the Gal-
ilee-Lebanon terrane.

The underlying Triassic-Jurassic sequences that make up the cover of the MTB car-
bonate platform contain dikes and sills of Tithonian-Neocomian basaltoids (132-153 Ma)
and belong to the Gissar paleomagnetic zone. Concerning the terranes themselves, the
carbonate platform represents an autochthonous complex; however, both carbonates and
intrusive traps were formed in the pre-collision stage, when the terranes bordered the
southern part of the Neotethys Ocean at the boundary with the Gondwana foreland. The
profile clearly shows that in the Galilee-Lebanon terrane, above the carbonate platform,
an allochthonous complex of ophiolites has developed, forming four sheets of different
ages. The lowest of them, the youngest, is composed of keratophyre mélange aged 162-
164 Ma (Omolon paleomagnetic zone) and is covered with relatively deep-water Upper
Jurassic carbonates penetrated by intrusive traps of the Gissar zone. Two middle ophiolite
plates are composed of spilite and olivine-basalt mélange (188-206 Ma) and deep-water
Jurassic carbonates and generally belong to the Omolon paleomagnetic zone. Finally, the
upper ophiolite plate, the oldest, 197.4 — 222.4 Ma, is composed of basalt mélange and
covered with Jurassic carbonates (174 Ma), which generally corresponds to the Illawarra-
Omolon paleomagnetic zones (Figure 4).

The dynamics of sequential attachment of ophiolite sheets during collision and shear
movements of oceanic plates and the Galilee-Lebanon terrane during the Levantine phase
of tectogenesis at the boundary of the Early and Late Hauterivian was considered earlier
[65]. These authors have shown that the amplitude of horizontal displacements of ophio-
lite plates could reach 120 km.

3.2. Paleomagnetic profile across the Carmel-Galilee region

The paleomagnetic profile crosses the area of the Mt. Carmel, Northern Galilee, and
the Korazim Plateau of the DST region (north of the Lake Kinneret), from SW to NE from
the Pleshet terrane through the Galilee-Lebanon terrane to the Antilebanon terrane (Fig-
ure 1 and 4). The Pleshet and Antilebanon terranes are tectonically somewhat uplifted
compared to the Galilee-Lebanon terrane. This profile is constructed along the top of the
accumulative leveling surface of the Lower Cretaceous traps belonging to the Jalal-1 pale-
omagnetic zone (131-105 Ma).
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The underlying Triassic-Jurassic sequences that make up the cover of the MTB car-
bonate platform contain dikes and sills of Tithonian-Neocomian basaltoids (132-153 Ma)
and belong to the Gissar paleomagnetic zone. In relation to the terranes themselves, the
carbonate platform represents an autochthonous complex; however, both carbonates and
intrusive traps were formed in the pre-collision stage, when the terranes bordered the
southern part of the Neotethys Ocean at the boundary with the Gondwana foreland. The
profile clearly shows that in the Galilee-Lebanon terrane, above the carbonate platform,
an allochthonous complex of ophiolites is developed, forming four sheets of different
ages. The lowest of them, the youngest, is composed of keratophyre mélange aged 162-
164 Ma (Omolon paleomagnetic zone) and is covered with relatively deep-water Upper
Jurassic carbonates penetrated by intrusive traps of the Gissar zone. Two middle ophiolite
plates are composed of spilite and olivine-basalt mélange (188-206 Ma) and deep-water
Jurassic carbonates and generally belong to the Omolon paleomagnetic zone. Finally, the
upper ophiolite plate, the oldest, 197.4 — 222.4 Ma, is composed of basalt mélange and
covered with Jurassic carbonates (174 Ma), which generally corresponds to the Illawarra-
Omolon paleomagnetic zones (Figure 4).

The dynamics of sequential attachment of ophiolite sheets during collision and shear
movements of oceanic plates and the Galilee-Lebanon terrane during the Levantine phase
of tectogenesis at the boundary of the Early and Late Hauterivian was considered earlier
[65]. These authors have shown that the amplitude of horizontal displacements of ophio-
lite plates could reach 120 km.
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Figure 4. Paleomagnetic profile Il - II' of the Carmel-Galilee region along the top of the accumulative
surface of the Lower Cretaceous traps (location of this profile is shown in Figures 1 and 2).

(1) borehole, (2) radiometric age, (3) dykes and sills, (4) traps, (5) faults, (6) established stratigraphic
boundaries, (7) supposed position of the stratigraphic boundaries, (8-12) paleomagnetic zones: (8)
Jalal, (9) Gissar, (10) Omolon, (11) Illawarra, (12) Kiama

The following main works were used for this map construction: [32,53,54,66,80,81,83,88].
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3.3. Combined paleomagnetic-radiometric scheme of the Sea of Galilee and its vicinity

The region of the Sea of Galilee (Lake Kinneret) is a reference object for the paleo-
magnetic mapping transition regions from the ocean to the continent in terms of struc-
tural, historical-geological, and methodological approaches. The uniqueness of this target
is because here developed 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.

It has long been used as the largest freshwater reservoir in the Middle East and as an
etalon region for monitoring and accounting for seismicity in the area of active housing
construction and areas of industrial and agricultural facilities development.

There are several fault systems in this area, the main ones being the N-S transform
system and the E-W and NW-SE fault systems that break up the Galilee. The sea, and the
plain to its south, are located in a depression bounded on the east and west by active fault
scarps with steep gradients [92]. The superposition of vertical displacements perpendicu-
lar or oblique to the transform impedes structural interpretation of the investigated basin
[93].

At the end of the twentieth century, various geological and geophysical surveys
raised the question of developing a generalizing tectonic-geodynamic model [e.g., 93].
Further studies [18,19,22] showed that the solution to this problem is an optimal linkage
of the methods of magneto-geophysics adopted in the study of the oceans and the meth-
ods of paleomagnetic stratigraphy assumed for the continents, supported by a set of in-
dependent geological-geophysical investigations. This developed map (Figure 5) also re-
vises and generalizes the results of the quantitative interpretation of numerous magnetic
anomalies in the Sea of Galilee [19].

It was the first experience of such research in the transition areas from the ocean to
the continent. In the context of the regional geological-geophysical studies of the African-
Arabian region, paleomagnetic mapping of the area of the Sea of Galilee has been signifi-
cantly expanded and detailed ( [16,23,32,52].

The supplemented edition of the paleomagnetic map of the Sea of Galilee (Figure 5)
was extended to the south, where the Belvoir uplift has developed. Here, the data from a
drilled deep well and numerous radiometric data of the Cenozoic traps were analyzed.
The essential revision of this map is based on the attraction of new data from structural,
radiometric, and paleomagnetic analyses, which expanded understanding of the studied
area's structure and development.

In such a manner, we nailed the mapping of the transition region from the ocean to
the continent to the methods widely used in the paleomagnetic mapping of the marine
areas [22], and optimally compiled with the geodynamic principles [25]. A novel variant
of the paleomagnetic map of the Sea of Galilee and adjacent areas (Figure 5) includes an
anomalous pull-apart basin, areas of development of the circular structures [16,22], the
arc faults, and the rotational markers of the crustal block rotation identified from the struc-
tural and paleomagnetic data [93-95].

Here are presented two comparatively large ring structures. 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 area. Sig-
nificantly, the largest amplitude of rotation is 58° counterclockwise, registered in the Sha-
rona ring structure (Figure 5), which emphasizes the complexity of the geodynamics of
the zones of trap genesis. A different nature has an Irbid ring structure also prone to coun-
terclockwise rotation (Figure 5).
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Figure 5. Integrated paleomagnetic scheme of the Sea of Galilee, SG (see its location in Figure 1). (1)
outcropped Cenozoic basalts, (2) points with radiometric age of basalts (in Ma), (3) boreholes, (4)
faults, (5) general direction of the proposed 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 magnetization, (10) normal
magnetization, (11 and 12) results of magnetic anomalies analysis: (11) normal magnetization, (12)
reverse magnetization, (13) reversely magnetized basalt fields, (14) normal magnetized basalt fields,
(15) Miocene basalts and sediments with complicated paleomagnetic characteristics, (16) Pliocene-
Pleistocene basalts and sediments with complicated paleomagnetic characteristics, (17) index of
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paleomagnetic zonation. Tectonic setting after [64,93,96,97]. 1n, 2n, 3n, 1Ar, 2Ar, and 3Ar are the
indexes of paleomagnetic zones (see Figure 6). Radiometric data (K-Ar and Ar-Ar) after
[61,63,96,98,99]. Paleomagnetic data after [58,61-63,74,94,96,98,100-102]. Hts and Hucc designate cal-
culated depths of basaltic bodies in the basin: Hrs is the upper edge for the model of the thin bed,
Hrwpe is the upper edge for the model of thin horizontal plate, and Hucc is the center for the model
of the horizontal circular cylinder. The bold green line designates the location of paleomagnetic
profile I -TI'.

3.4. Hula paleomagnetic map

At the extreme west of the district, in the Upper Galilee Heights, developed mainly
Upper Cretaceous and Paleogene sedimentary formations related to the Khorezm-
Tuarkyr and Jalal paleomagnetic superzones. In the northeast, on the slope of the Hermon
Mt., developed Jurassic and Cretaceous formations penetrated by pre-collisional, colli-
sional and post-collisional traps of the Gissar and Jalal superzones (Figure 6). Due to the
paleomagnetic mapping methodology elaboration, in the etalon area of the Sea of Galilee,
it became possible to construct a paleomagnetic map of its northern extension — Hula Val-
ley (Figure 6). The constructed map also includes areas of the 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 area comprises mainly the Pliocene-Quaternary
traps and the sedimentary complexes belonging to the Brunhes-Matuyama zones. To the
south, in the Korazim Plateau and Beteiha Valley, more ancient Pliocene trap complexes
are developed belonging to the Gauss and Gilbert superzones.
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Figure 6. Paleomagnetic-geodynamic map of the Hula Basin and adjacent areas of the Golan Plateau,
Hermon Mt., and Galilea uplift, HU (see its location in Figure 1).

(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) counterclockwise, (b) clockwise, (8) outcrops with the determined reversely magnetized basalts,
(9) outcrops with the determined normally magnetized basalts, (10) chrons of Geomagnetic Polarity
Timescale, (11) areas of the reversely magnetized basalts, (12) areas of the normally magnetized
basalts, (13) Gissar superzone, (14) Jalal superzone, (15) Tuarkyr - Khorezm superzone, (16)
Sogdiana superzone.

Tectonic setting after: [64,96,103-105].
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Radiometric data (K-Ar and Ar-Ar) after: [61,62,66,89,96,106]. Paleomagnetic data: [62,63,74,94,96,
100].
The bold green line designates the location of paleomagnetic profile I' - I".

At the extreme west of the district, in the Upper Galilee Heights, developed mainly
Upper Cretaceous and Paleogene sedimentary formations related to the Khorezm-
Tuarkyr and Jalal paleomagnetic superzones. In the northeast, on the slope of the Hermon
Mt., developed Jurassic and Cretaceous formations penetrated by pre-collisional, colli-
sional, and post-collisional traps of the Gissar and Jalal superzones (Figure 6).

5.3. Paleomagnetic profile Kinnarot Valley — Hula Basin

Without bringing it to Hermon, we slightly turned the profile line to show the struc-
tural contrast of the Antilebanon terrane with the Neoproterozoic base of Gondwana,
which composes the lower structural levels of the northern part of the Golan Plateau. Here
the Gissar, Jalal, and Sogdiana paleomagnetic superzones are sharply reduced in power
compared to their analogs in the Antilebanon terrane. Within the blocks of the Gondwana
oneself, there are almost no chalk traps developed. The complexity of the structure of the
Kinneret and Hula depressions becomes evident in the constructed paleomagnetic profile
I -1 - 1I" (Figure 7). It stretches from the north to the south for more than 60 km. The
southwestern and northeastern extremities of the profile are located about 20 km in lati-
tude (Figures 5 and 6).

The deep structure is elicited from the regional tectonic constructions [15,32], results
of seismic profiling [103,107,108], boreholes data [88,109], regional geological map [64],
radiometric data [61,63,96,104,106]; and the results of the paleomagnetic zonation
[16,18,19,22].

Structurally, the paleomagnetic profile corresponds to three uplifts: Belvoir, Kora-
zim, and Golan, between which there are two depressions — Kinneret-Kinnarot and Hula.
The first two uplifts and depressions are formed within the southern block of the Antileb-
anon terrane (Figure 1), shifted relative to the northern one uplifted block of the higher
Hermon plateau along the Dead Sea Transform (DST) for about 100 km.
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Figure 7. Paleomagnetic profile Kinnarot — Hula (its location is shown in Figures 1, 5, and 6).
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(1) basic traps, (2) basic dykes, (3) gabbro, (4) volcanic cones, (5) evaporite sediments, (6) faults, (7)
radiometric dating, (8) reversal polarity, (9) normal polarity, (10) indexes of Plio-Pleistocene
paleomagnetic scale, (11) Sogdiana superzone, (12) Jalal superzone, (13) Gissar superzone, (14)
Omolon superzone, (15) Arga superzone, (16) Moradym superzone.

The primary utilized sources (besides publications presented in captions for Figures 5 and 6) are:
[33,99]

The Kinneret-Kinnarot and Hula are the pull-apart basins with the different ampli-
tudes of subsidence of the Late Cenozoic sedimentary formations and traps related to the
Sogdiana paleomagnetic superzone.

Without bringing it to Hermon, we slightly turned the profile line to show the struc-
tural contrast of the Antilebanon terrane with the Neoproterozoic base of Gondwana,
which composes the lower structural levels of the northern part of the Golan Plateau. Here
the Gissar, Jalal, and Sogdiana paleomagnetic superzones are sharply reduced in power
compared to their analogs in the Antilebanon terrane. Within the blocks of the Gondwana
oneself, there are almost no chalk traps developed. They are concentrated mainly in the
MTB area [99,110]).

5. Discussion and Conclusions

The presence of hard to explain phenomena of magneto-geophysics prompted com-
prehensive research in paleomagnetic mapping to reveal the dynamics and history of the
development of structures based on the reconstruction of their paleomagnetic age. The
applied mapping includes the procedure for paleomagnetic determination of age and the
typification of the magnetized objects, making it possible to widely use the concept of
plate geodynamics. It enables the description of the stages of development of various
forms of magmatism under transition from the ocean to the continent. The broad integra-
tion of paleomagnetic mapping with other geophysical and geological methods signifi-
cantly increases the efficiency of its application.

Tectonic-paleomagnetic mapping as a new type of geological-geophysical survey
contributed to the necessary amendment to the understanding of the nature and structure
of the easternmost Mediterranean. The studied areas in northern Israel: Carmel, Atlit, Sea
of Galilee, and Hula Basin, are unique objects from the geological point of view, and they
are well investigated in various ways. However, their structure, geodynamics, 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, for the mapping examination, a wide diapason of the paleomagnetic
data was used: from the Paleozoic (Permian — Carboniferous) — Kiama paleomagnetic
superzone in the easternmost Mediterranean [31] to the Holocene — almost modern vol-
cano with a lake in the Birkat Ram crater in the Golan Heights [100]. Without hesitation,
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 [e.g., 50,58,61-
63,74,94,96,98,101,102] and radiometric studies [e.g., 59,60-62,66,69,89,96,106], data of ge-
ological mapping and tectonic reconstructions (e.g., [10,15,30,53,56,64,66,67,71,72,75-
77,79,80-82,92,93,96,99,103-105,107] for the territory of Israel.

After the change of the well-developed geosyncline theory by the plate tectonics (con-
vective geodynamics), and the decreasing the standard geocartographic research all over
the world, a methodological vacuum arose associated with the lack of development of the
mapping methods in the field of construction of the regional and the world tectonic, paleo-
geographic and other maps. Our comprehensive studies in the African-Arabian region on
the junction of Eurasia and Gondwana (e.g., [16]) with the widespread application of pale-
omagnetic mapping techniques are the testing instrument for developing new kinds of
combined investigations of geologically complex areas.
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Paleomagnetic profiling is a very rarely used but effective research method. The pale-
omagnetic profile constructed along the top of the accumulative leveling surface of the
Lower Cretaceous traps (Figure 4) is of particular interest since it unmasks the geody-
namic history of the Carmel-Galilee region, which other geophysical methods cannot dis-
tinguish. This profile makes it possible to reveal the significant tectonic and geodynamic
differences between the Mesozoic and Cenozoic traps, differing in thickness and partly to
the composition. The latter are usually associated not with the collision stage but with the
spreading processes in East Africa and the Red Sea [9,15,16,111]). The beginning of the
activation of this process 34 Ma ago is associated with a mantle plume near the Afar tri-
angle. In the Narrat Ash Shaab volcanic field, the dikes of the most ancient traps have an
age of 22-26 Ma [69], which corresponds to the boundary of the Oligocene and Miocene.

In the more southerly located Makhtesh Ramon area, integrated geological-geophys-
ical data revealed the pre-collisional, collisional, and post-collisional traps [22], which are
very clearly traced in the presented paleomagnetic profile (Figure 7). In the Korazim block,
based on the Rosh Pinna-1 deep borehole data, these traps indicate the Levantine phase
of the angular unconformity, roughly corresponding to the boundaries between the Gissar
and Jalal paleomagnetic superzones.

Very indicative is the discovery of the xenoliths in the intrusions of Late Miocene —
Early Pliocene gabbroids in the deep Zemah-1 well [99], with a radiometric age of 31.1 Ma
(Lower Oligocene), 44.3 Ma (Middle-Upper Eocene), and 547 Ma (Precambrian — Lower
Cambrian). Data on the older, Eocene trap magmatism in the Arabian Plate is associated
with the beginning of the Red Sea rift opening and are novel. These ages are also con-
firmed by the radiometric age of the basic rock pebbles —41.0 Ma from the Middle Miocene
Um Sabune conglomerates in the Tabkha area [61] on the southwestern boundary of the
Korazim plateau near the Lake Kinneret coast.

The paleomagnetic profile (Figure 7) demonstrates a structural difference in the
study region in the changes in the thicknesses of superzones and types of magmatism in
different structures. This profile also indicates the structural evolution manifested in the
degree of activation of specific paleomagnetic units. The increase of thicknesses of these
units corresponds to the time corresponding to the boundary of the Jurassic and Creta-
ceous (Gissar superzone) and the Middle Miocene — Pliocene — Anthropogen (Sogdiana-2
superzone). Thus, the radiometric dating makes it possible to substantiate not only the
Sogdiana-1 superzone trap assemblage but also the upper part of the Khorezm superzone.

Overall, the paleomagnetic methods have established themselves as a powerful tool
for geodynamic mapping. At the same time, optimal integration of paleomagnetic map-
ping with other geophysical and geological methods significantly increases its effective-
ness and significance [22,23].

Based on the research done, we can draw the following main conclusions.

The side of the plate tectonics concept is confirmed that the dominance of the geody-
namics of the region in the Mesozoic and Cenozoic was carried out not from the western
(Atlantic) but the eastern (Neothetical) direction. Paleomagnetic mapping (profiling)
made it possible to evaluate the previously identified structures of various ranks of statics
and geodynamics, which is novel due to the optimal combination of different applied ge-
ological-geophysical methods.

The area of development of the Sea of Galilee pull-apart basin has been identified,
experiencing differentiation under conditions of the left DST shift and the formation of
the faults and ring structures rotating counterclockwise in the adjacent zones. This phe-
nomenon was explained at the level of the extended integrated geophysical studies using
3D modeling and structural-geodynamic analysis [91].

Integrated analysis of geological-geophysical data from the Sea of Galilee and Carmel
(Atlit) areas indicates that both mentioned terranes and the MTB were moved in the Mes-
ozoic from the east to the west in a counterclockwise direction. The paleomagnetic studies
in the Carmel area made it possible to show in a new way that the Triassic-Jurassic ophi-
olite complex underlying the Aptian-Albian traps of the Mt. Carmel within the Galilee-
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Lebanon terrane contrasts sharply with the Mesozoic and sedimentary rocks penetrated
by traps. These traps of the Late Jurassic-Neocomian age precede the Late Jurassic-Neo-
comian phase of joining MTB to the Gondwana.

The paleomagnetic profile constructed in the Carmel-Galilee region along the top of
the accumulative leveling surface of the Lower Cretaceous traps is of essential importance:
it unmasks some episodes of a complex geodynamic history of the easternmost Mediter-
ranean.

The paleomagnetic profile Kinnarot Valley — Sea of Galilee — Hula Basin clearly
shows different amplitudes of subsidence of the Late Cenozoic sedimentary formations
and traps related to the Sogdiana paleomagnetic superzone. First of all, this physical-ge-
ological model is essential for the geoecological monitoring of this significant source of
fresh water in Israel.

The Cenozoic stage of development in the region looks to be discordant with the
paleomagnetic structural zones of the Mesozoic and Cenozoic. This discordance was ex-
plained in the light of latest deep-geodynamic studies [16]. The axis of the discovered deep
mantle structure in the middle of the Cenozoic began to turn more intensively in the coun-
terclockwise direction. This effect caused the development of the lithospheric plate dis-
ruptions and the formation of the topologically displaced zones of the dyke complexes
and younger effusive traps.

The proposed methodology of advanced paleomagnetic mapping can be effectively
applied to solving different geological-geophysical problems in various geologically com-
plex regions of the world.
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