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Abstract

Eppelbaum, L., Ben-Avraham, Z., Katz, Y., and Marco, S. 2004. Sea of Galilee:
Comprehensive analysis of magnetic anomalies. Isr. J. Earth Sci. 53: 151-171.

A variety of magnetic sources occurring in the Sea of Galilee (Lake Kinneret) and
around the lake cause a complex pattern of anomalous magnetic field. Positive and
negative magnetic anomalies in the Kinneret basin correspond to basalts of normal
and reverse magnetization, respectively. Using interpretation methods specially de-
veloped for complicated geologica conditions (improved versions of characteristic
point, tangent, and areal methods), we determined the quantitative parameters of the
anomalous bodies and performed their classification. We applied 3-D magnetic field
modeling techniquesfor confirming the data obtai ned during the quantitative interpre-
tation stage and the effects computing from geological structures. We showed that the
paleomagnetic zones identified in the lake basin are in accordance with the western
and northern margins of Lake Kinneret, but are incongruent with the eastern and
southern margins. Based on radiometric and paleomagnetic data analysis, we can
concludethat Early Pliocene basaltic flows cover the western part of Lake Kinneret. A
N-S paleomagnetic profile suggests that the western part of the Lake Kinneret
depression may be interpreted as an inversion trough formed in the area of Pliocene
uplift in the eastern part of the Galilee. We applied combined geophysical, structural,
and tectonic analysis to compile a structura map of the Cover Basalt for Lake
Kinneret and adjacent areas.

INTRODUCTION

The Seaof Galilee (Lake Kinneret) issituated in one of
the morphotectonic depressions that are located along
the Dead Sea Transform (DST) (Fig. 1). This trans-
formis more than 1000 km long, and is a plate bound-
ary separating the Sinai and Arabia plates (Garfunkel
et al., 1981). The structure of the Kinneret basin
appears to be complex because two fault systems
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intersect in the lake's area (Freund, 1970; Rotstein et
al., 1992; Ben-Avraham et al., 1996; Heimann et al.,
1996; Belitzky, 2002; Hurwitz et al., 2002; Matmon et
al., 2003).

Geological studies indicate that rock outcrops in
this area and rock samples from wells range from
Jurassic to Quaternary. The present configuration of
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Fig. 1. (A) Regional tectonic setting of the Eastern Mediter-
ranean. (B) The area of study (after Bartov, 1979, Ben-
Avraham et ., 1990, and Marco et a., 2003).

the Sea of Galilee was formed about 24,000 years ago
(Hazan et d., 2002).

Previous geophysical studies of Lake Kinneret in-
cluded seismic refraction and refl ection measurements
using various methods (Ben-Avraham et al., 1981,
1986; Hurwitz et al., 2002), magnetic measurements
(Folkman and Yuval, 1976; Ben-Avraham et al., 1980;
Ginzburg and Ben-Avraham, 1986), heat flow mea-
surements (Ben-Avraham et al., 1978), gravity mea

surements (Ben-Avraham et al., 1996), and electro-
magnetic field analysis (Goldman et al., 1996). Ben-
Avraham et al. (1990) mapped the bathymetry of the
lake in great detail. A few seismic profiles were ob-
tained north and south of the lake (Rotstein and
Bartov, 1989; Rotstein et a., 1992). In this paper, the
results of a study of the magnetic field over the lake
and their implication to the basalt distribution in this
areaare presented and discussed. In an ancillary study,
Eppelbaum et al. (2004) developed chronostrati-
graphical and magnetostratigraphical scales of Late
Cenozoic basaltic formations in the Lake Kinneret
area and presented a scheme of paleomagnetic, mag-
netic, and radiometrical characteristics of basalt for-
mationsin the Lake Kinneret area.

GEOLOGICAL SETTING

Cenozoic volcanismin northern I srael makes up a part
of alarger volcanic field extending from the eastern
Galileeto western and southern Syria, through Jordan,
to Saudi Arabia(Garfunkel, 1989; Heimann et al ., 1996;
Ilani et a., 2001). The basaltic formation occurrences
around Lake Kinneret make up the western part of the
northern continuation of the Harrat e-Shamah volcanic
field, covering a total area of about 40,000 km?
(Weinstein et a., 1994). Eruptions in northern Israel
started in the Miocene and continued in several phases
until recent times (Freund et al., 1970; Nur and Hel sey,
1971; Mor, 1986; Heimann, 1990; Shaliv, 1991; Ilani
et a., 2001).

Two series of basalts—Early Cretaceous and Late
Cenozoic—are present in the upper part of the geo-
logical section. In the vicinity nearest Lake Kinneret
the thickness of the Early Cretaceous basalts is mini-
mal (Katz and Eppelbaum, 1999), and hence their
contribution to the total magnetic field is negligible.
The Late Cenozoic basalts range from Miocene to
Pleistocene. They are divided into Lower Basalt
(Early-Middle Miocene), Intermediate Basalt (Late
Miocene), Cover Basalt (Early Pleistocene), Y armouk
Basalts (Middle Pleistocene), Post-Cover and Ruman
Basalts (Late Pleistocene), and Raggad Basalts (Late
Pleistocene) (Heimann, 1990; Shaliv, 1991). The
majority of the surface outcrops of basalts surrounding
the lake are of Pliocene and Pleistocene age (Heimann
et a., 1996; Flexer et d., 2000).

Several fault systems exist 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 eastern
Galilee (Golani, 1962; Saltsman, 1964; Schulman,
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Fig. 2. Map of thetotal magnetic field (AT) of Lake Kinneret with location of the analyzed anomalies and interpretation profiles
(data from Ben-Avraham et al., 1980). Isolines are given in nanoTesla.

1966) and the Golan east of the Kinneret (Michelson, Theresults of seismic surveys(Ben-Avrahamet al.,
1972). Lake Kinneret and the plain south of it are  1986; Hurwitz et al., 2002; Zurieli, 2002) show evi-
located in a depression bounded on the east and west  dence of activefaulting. High heatflow averaged value
by active fault scarps with steep gradients (Garfunkel (93.4 mW/m?) measured in Lake Kinneret (Ben-
etal., 1981). Avraham et al., 1978) and earthquake-induced surface



154  Israel Journal of Earth Sciences Vol. 53, 2004

ruptures observed in the vicinity of the lake (Marco et
al., 1997, 2003) also indicate tectonic activity.

Superposition of vertical displacements perpen-
dicular or aoblique to the transform created complex
structures in this area. Since Pliocene and Pleistocene
basalt flows and intrusions of variable thickness cover
the area (Saltsman, 1964; Schulman, 1966; Neev,
1978; Mor, 1986; Sneh et al., 1998b), structural inter-
pretation of the Kinneret basin by conventional meth-
odsis complicated.

ANALYSIS OF MAGNETIC DATA
Initial magnetic data processing

Thefirst magnetic map of the Lake Kinneret areawith
a 50 nT isoline interval was constructed by Ben-
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Fig. 3. Maps of the AT gradients: (A) vertical gradients, (B) horizontal gradients.

Avraham et a. (1980). The authors concluded that
considerable anomalies near the margins of the lake
may have been caused by fault-controlled occurrences
of volcanic rocks, while the central portion of the lake
is magnetically quiet. The computed version of the
map (Fig. 2) is similar in genera to the hand-con-
toured versions (Ben-Avraham et al., 1980; Ginzburg
and Ben-Avraham, 1986), but it allows performing
detailed interpretation of magnetic anomalies. The
magnetic survey conducted by Ben-Avraham et al.
(1980) is characterized by the following characteris-
tics: total number of values—3081; maximum value—
614.6 nT; minimum value—(—283.5) nT; mean
value—(-0.08) nT; and standard Pearson deviation—
81.16 nT. Analysis of the magnetic map shows avery
complex magnetic field distribution pattern. This

B Map of horizontal gradients of magnetic field
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complex pattern is caused by the combined effect of
basalts surrounding the lake and magnetic sources
present in the lake.

Thevertical and horizontal gradient maps of the AT
(total magnetic field) (Figs. 3A and 3B, respectively)
show the mosaic character of the magnetic field distri-
bution. Anomalous values of the magnetic gradients
are displayed, mainly within the lake' s borderlines. In
both the vertical and the horizontal derivative maps, a
complex pattern of the fields in the northern part of
Lake Kinneret can be recognized, caused by a variety
of different anomalous objects. At the sametime, only
the vertical gradient map indicates significant field
decrease in the E-W direction in the southern part of
Lake Kinneret. The computed map of the total mag-
netic gradient is more smoothed (Fig. 3C), but basi-

C Map of the total gradient of magnetic field
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Fig. 3 continued. (C) smoothed total gradient. Isolines are
givenin nanoTeda

cally coincides with the maps of the horizontal and
vertical gradients.

Quantitative interpretation of magnetic anomalies

Some principles of magnetic data analysis under
oblique magnetization

The major principles of quantitative interpretation,
formalized for vertical magnetization, do not work in
conditions of oblique magnetization, in low and central
latitudes. The inclination of the total magnetic field in
Israel ranges from 46° in the north to 42° to the south.
Such conditions strongly complicate the interpretation
of magnetic data using conventional procedures.

It should be noted that AT anomaly distortions oc-
cur not only dueto theinclination of the magnetization
vector to the horizon plane, but also due to the differ-
ent orientation of the horizontal magnetization projec-
tion with respect to the body’ s axes (Parasnis, 1997).
Besides the geomagnetic field inclination, the orienta-
tion of the body’ s axes relative to the horizontal com-
ponent of the geomagnetic field is also significant.
Therefore, theanalysis of field graphsisnot sufficient;
it is necessary to analyze field isoline maps as well
(Khesin et al., 1996).

In conditions of oblique magnetization, the “reduc-
tion to pole”’ procedure is often used—calculation of
pseudogravimetric anomalies (Blakely, 1995). How-
ever, the procedure is suitable only when all interfer-
ing bodies in the studied area are magnetized parallel
to the geomagnetic field and simultaneously when the
bodies have subvertical dipping. Only in this case can
the magnetic fields be recalculated correctly; the ob-
tained graphs would be symmetrical, and further inter-
pretation using conventional methods can be done.
Similar approaches based on the transformation of the
observed magnetic field (for instance, analytic signal
(Roest et d., 1992)) have the same limitations.

Our interpretation involvesthe application of meth-
ods developed especially for quantitative interpreta-
tion of magnetic anomalies in complex environments
(Khesin et al., 1996). Unlike some conventional tech-
niques (Rao and Babu, 1984; Thurston and Smith,
1997; Telford et al., 1999), these methods are appli-
cable in conditions of aoblique magnetization, rugged
relief, and unknown level of the normal field.

We employed improved modifications of the char-
acteristic point method, the tangent method, and the
areal method, utilizing the most commonly applied
geometric models such asthin bed, horizontal circular
cylinder, and thick bed (Fig. 4). These three geometric
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Fig. 4. Models of anomalous bodies based on quantitative interpretation of magnetic anomalies.

models, with different modifications, may be used for
approximation and corresponding quantitetive inter-
pretation of anomalies generated by various geological
objects.

The following parameters are taken from the
anomaly plot in the characteristic point method: d, =
difference of semiamplitude point abscissae, d, = dif-
ference of extremum abscissae, d, = difference of in-
flection point abscissae.

In the tangent method four tangents are employed:
two horizontal lines with respect to the anomaly ex-
trema and two inclined lines passing through the
points of the bend on the left- and right-hand branches
of the anomaly plot. The following terms are taken
fromthe plot: d, = difference in abscissae of the points
of intersection of an inclined tangent with horizontal
tangents on one branch; d, = the same on the other
branch (d, is selected from the plot branch with conju-
gated extremums).

The areal method is based on calculation of sepa-
rate areas limited by the anomal ous curve, ahorizontal
line, and two vertical lines crossing some singular
points at the anomalous curve.

A detailed description of the above-mentioned meth-
ods is given in Khesin et al. (1996). Magnetic field
computing was performed using a specialy developed
GSFC program (Geologica Space Field Calculation)
(Eppelbaum et a., 1992; Khesin et al., 1996).

Quantitative interpretation of the Zemah anomaly
The methods developed for advanced magnetic

datainterpretation (Khesin et al., 1996) were tested on

the Zemah magnetic anomaly. The “Zemah 1" well

wasdrilled about 2 km south of Lake Kinneret. A K/Ar
mineral age for a sample from the basalt flow at a
depth of 679 m was determined as about of 4.4 Ma
(Marcus and Slager, 1985; Heimann et al., 1996),
which corresponds to Pliocene. The estimated mag-
netic effect of the gabbro interbedding is not signifi-
cant. The results of the quantitative interpretation (up-
per edge of magnetic body determined at 515 m) arein
agreement with the drilling data (489 m) (Figs. 5A,B).
The interpretation error is about 5%, which is a good
result for such complex environments.

Analysis of selected anomalies

Both positive and negative magnetic anomalies
have been identified in the Lake Kinneret basin. We
suggest that reversely magnetized basalts cause the
negative magnetic anomalies. Two approximation
models—thin bed (TB) and horizontal circular cylin-
der (HCC)—were used (Figs. 6-8). Comprehensive
analysis of anomaly A (Fig. 6) indicates that this
anomaly is caused by the integrated effect of a few
different magnetic sources occurring at different
depths, the largest of which is an isometric body (ap-
proximated as HCC). The calculated depth to the cen-
ter of the HCC is 1300 m, and its upper edge is at a
depth of 1050-1100 m. Presence of the geological
objects approximated by the HCC model may be ex-
plained by the presence of separate tectonic blocks
occurring at different depths. Anomaly B (for which
the TB model was used) was interpreted twice: in the
W—E and SN directions (Fig. 7), with similar results
(the depth for the upper edge of the disturbing body is
450 m for the latitudinal profile and 440 m for the
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Fig. 5. (A) Simplified lithological description of the Zemah 1 well (after Marcus and Slager, 1985); (B) Map of the total
magnetic field of Zemah area and location of interpreting profile (after Ginzburg and Ben-Avraham, 1986, with modifica-
tions); (C) Quantitative interpretation of the Zemah magnetic anomaly. The following parameters are taken from the anomaly
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difference in abscissae of the points of intersection of an inclined tangent with horizontal tangents on one branch; d, = the same
on the other branch (d, is selected from the plot branch with conjugated extremums).

meridional profile, i.e., the interpretation error was
2%). For the reverse anomaly C (HCC model) (Fig. 7)
the obtained depth of the HCC center is 700 m. The
upper edge of this body, by our calculations, is at the
depth of 550 m. Two reverse magnetic anomalies—D
and E—were interpreted using the TB model (Fig. 8).
The depths of the upper edges of these disturbing

bodies were determined at 325 and 460 m, respec-
tively. Other anomalies (F-L) were analyzed in the
same manner.

The determined depths of the magnetic sources
(upper edge) range from 1100-1200 m (anomalies A
and L) to 300 m (anomaly J). The obtained target
magnetization values range between 0.015 to 0.06 SI
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Tablel
Elevation of basaltic formation roof in areas surrounding Lake Kinneret
Structure Small surface basaltic occurrences: Maximal and minimal pointsin meters
Western part Eastern part Northern part Southern part
Korazim Plateau +408 -125--200
Ginosar Valley -50 -175
Lower Galilee 368 -150
Kinarot Basin -676*, -98** -210
Golan Heights (SW part) -175--190 300-375
Sign “-" refersto elevation below sealevel.

*Observationsin Zemah 1 well (after Marcus and Slager, 1985).
**Tel Katzir Block.
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units, in accordance with the measurements of basaltic
samples in the Lake Kinneret vicinity (Nur and
Helsey, 1971; Ron et al., 1984; Ginzburg and Ben-
Avraham, 1986). The results of the quantitative inter-
pretation are discussed below.

The magnetic field pattern in the southern part of
Lake Kinneret differs significantly from the magnetic
field in other parts of the lake. This difference is
probably associated with another tectonic setting that
was identified earlier by bathymetric and geological
data (Ben-Avraham et a., 1990). The analysis of the
magnetic field distribution, supported by 3-D model-
ing of the magnetic field, indicates that this pattern is

161

caused possibly by a magnetized basatic plate with
genera dipping from NE to SW at 9-12° (Eppelbaum
et al., 2004). Behavior of the vertical gradients of the
magnetic field (Fig. 3A) in the southern part of thelake
also supportsthis model. A similar trend was revealed
by geological, paleomagnetic, and seismic data analy-
sis (Rotstein et al., 1992; Ben-Gai and Reznikov,
1997; Zurieli, 2002) for the Kinarot basin. Tectoni-
cally, this dipping corresponds to the transition zone
fromthe Tel Katzir anticlineto the SW periclinal flank
of the Zemah anticline. The basalt occurrence in Tel
Katzir (NE) is 98 m below mdl, and in Zemah 1 is
676 m below mdl (Table 1).

Anomaly E
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Fig. 9. 3-D modeling of the magnetic field over anomaly E. The reversely magnetized body has the following parameters:
direction of magnetization, —135°, and magnetization value, 3,500 mA/m.
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3-D magnetic field modeling

Confirming the results of the quantitative
interpretation

3-D modeling was applied for testing theinterpreta-
tion results obtained at the previous stage. A GSFC
program was used for the modeling. The basic algo-
rithm in the GSFC program provides the solution for
the direct 3-D problem of gravity and magnetic pros-
pecting for a horizontal polygonal prism limited in the
strike direction. The program is capable of simulta-
neous computation of the gravity and magnetic fields
at different levels from the arbitrary complex geologi-
ca media. The developed algorithm (Khesin et al.,
1996) alowed usto calculate magnetic anomalieswith
different values of inclination and declination for host
medium and anomalous object, various azimuths of
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investigated profiles, and various geometrical forms of
modeled objects. Figure 9 illustrates an example of
3-D modeling of the magnetic field over anomaly E—
produced by a reversely magnetized object. The ob-
served and calculated graphs are in good agreement
(Fig. 9) (the right part of the observed curve is dis-
turbed, apparently by the influence of neighboring
anomalies). The results of the modeling are in line
with the data obtained at the previous stage of the
inverse problem solution.

3-D modeling of the reversely magnetized rocks
along profile 210

As can be inferred from the review of paleomag-
netic investigations in the areas surrounding Lake
Kinneret (Freund et al., 1965; Nur and Helsey, 1971;
Mor and Steinitz, 1982, 1985; Ron et al., 1984;

B
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Heimann, 1990; Shaliv, 1991; Heimann and Ron,
1993; Heimann et a., 1996), a variety of basaltic
samples with a reverse magnetization was identified.
The complex structure of the eastern part of Lake
Kinneret was noted by many researchers (for instance,
Michelson et al., 1987; Ben-Avraham et a., 1996).
Profile 210 (data from Ben-Avraham et al., 1980),
located in the eastern part of lake (Fig. 2), indicates an
interesting peculiarity of the section: an inverse corre-
lation between the registered total magnetic anomaly
field AT and the bottom relief (Fig. 10A). We suggest
that the reversely magnetized rocks at or near the
lake's bottom cause this effect. The least-square

150 —

100 —

method was applied for calculating the correlation
coefficient r between the AT and the bottom relief
(Fig. 10B). The comparatively modest coefficient
value, -0.7, may be explained by the influence of
oblique magnetization, which distorts the magnetic
effect from the projection of the bottom relief highsto
the lake water level (level of magnetic observations).
The 3-D modeling using the GSFC program allowed
estimating the value of magnetization and the location
of the magnetization vector in the space: 3,500 mA/m
and —65°, respectively (Fig. 11). Based on the ages and
polarities around the lake, we propose that these re-
versely magnetized basalts are of the Early Pliocene.

Total magnetic field, nanoTesla

50 —
0 p—
Observed
Computed

Depth, m

Fig. 11. 3-D modeling of the
magnetic field over the re-
versely magnetized basalts

Distance, km

(profile 210). Arrow indi-
cates the direction of the
magnetization vector.
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Distribution of basalts in the Kinneret basin: 3-D
estimation

The Cover Basdlt in the Golan Heights is 550 m
above Lake Kinneret (Heimann et a., 1996). The
Cover Basalt in Zemah 1 well is about 500 m below
Lake Kinneret (Marcus and Slager, 1985). The ab-
sence of significant magnetic anomalies in the central
part of thelakeisexplained by post-basalt sedimentary
basin fill (Eppelbaum and Ben-Avraham, 2000). 3-D
modeling of the magnetic field allowed us to estimate
an occurrence of separate magnetic sources at the
depth of 1.1-1.3 km. Figure 12 illustrates an example
of such magnetic field analysis along profile S-S (lo-
cation of thisprofileispresented in Fig. 2). At thefirst
stage an observed magnetic anomaly L (HCC approxi-
mation model was used) was quantitatively interpreted
(Fig. 12A). The obtained data were utilized for the
second stage, 3-D modeling of the magnetic field.
Comparison of observed (averaged) and computed
magnetic fields over the developed physical—geol ogi-
cal model is shown in Fig. 12B. The upper surface of
theidentified magnetic body is at the depth of 1250 m;
it has magnetization of 3000 mA/m with location of
the magnetized vector of 30°. The generalized results
of the quantitative interpretation of the magnetic
anomalies and 3-D modeling of magnetic field are
presented in Fig. 13.

BASALTS AROUND LAKE KINNERET:
PALEOMAGNETIC AND RADIOMETRIC
CHARACTERISTICS

Flood basalts are exposed in a series of fault-bounded
blocks surrounding Lake Kinneret. More than 80% of
the basalts surrounding Lake Kinneret belong to the
Pliocene Cover Basalt flows, which is 150-200 m
thick outside therift valley, but reaches about 700 min
the Zemah 1 well, inside the valley (Marcus and
Slager, 1985). The elevations of basaltic formationsin
the Lake Kinneret area are summarized in Table 1.

Paleomagnetic characteristics of basalt sequences

Classification of basaltic sequences may be effectively
performed using methods of paleomagnetic stratigra-
phy (Butler, 1992). Several paleomagnetic investiga-
tions were carried out around Lake Kinneret. Paleo-
magnetic stratigraphy methods were used for studying
the Late Pliocene—Pleistocene basalts in the northern
part of the studied area, the Early Pliocene basalts at
the Korazim Plateau (Heimann, 1990), and the Late
Pleistocene basalts at Kinnarot Basin (Heimann and
Braun, 2000).

In another study (Eppelbaum et a., 2004), the
stratigraphic column of the studied area was compiled
using the data from Heimann (1990), Braun et al.
(1991), Shaliv (1991), Heimann and Ron (1993), the
paleomagnetic reversals scale (Cande and Kent,
1992), and the international stratigraphic scale
(Berggren et al., 1995).

Radiometric dating of the Pliocene and Quaternary
basalts

The age of the Late Cenozoic basalts at the central
Dead Sea Fault is based on over 300 radiometric dates
(Heimann, 1990; Shaliv, 1991; Heimann et al., 1996).
In the studied area, the radiometric age of the basalts
was measured at more than 100 points (Middle Mi-
ocene—Pleistocene) (Eppelbaum et al., 2004, in press).
From these data, 58 points (mainly belonging to Cover
Basalts and partialy of the uppermost Late Miocene,
Late Pliocene, and L ate Pleistocene) were selected.

INTEGRATED ANALYSIS OF SPATIAL
LOCATION OF BASALTIC FORMATIONS

McDougall et al. (1977) have shown an effective inte-
gration of paleomagnetic analysis with radiometric
dating for investigation of basaltic formationsin west-
ern lceland. Taking into account complexity of the
geological structure of the Lake Kinneret area, we
apply integrated magnetic/paleomagnetic radiometri-
cally dated investigation with utilization of structural-
tectonic characteristics of the area. We presented our
interpretation in a magnetic—geological map of the
Lake Kinneret area (Eppelbaum et al., 2004, in press)
developed on the basis of the Geological Map of |srael
(Sneh et al., 1998a). Radiometric data were general-
ized after Heimann (1990), Shaliv (1991), and
Heimann et al. (1996), and paleomagnetic data after
Freund et al. (1965), Nur and Helsey (1971), Mor and
Steinitz (1982,1985), Ron et al. (1984), Heimann
(1990), Shaliv (1991), Heimann and Ron (1993), and
Heimann et al. (1996).

The map includes the main fault zones and sub-
zones of the paleomagnetic polarities of the cover
basdlts, as well as the results of magnetic anomaly
interpretation in thelake. Theidentification of selected
paleomagnetic zones was done by way of correlation
between the paleomagnetic and radiometric data in
each tectonic block. The basalts span anearly continu-
ous sequence from the Late Pleistocene to the upper-
most Late Miocene, recording polarity stages 1n, 2n,
2r, 2An, 2Ar, 3n, 3r, 3An, and 3Ar.

Most of the zones of normal and reverse polarity
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recognized in the western side of the lake (Fig. 15) can
be correlated to adjacent zones in the lake’'s margins.
However, the magnetic patterns on the eastern and north-
ern parts of the lake cannot be directly continued on-
shore. This can be explained by shear and large displace-

ments on the east in contrast to downfaulting on the
west. The presence of anarrow zone of reverse magne-
tization in the eastern part of Lake Kinneret (Fig. 10) is
of particular interest. Two explanations are possible:
(2) that this zone corresponds to paleomagnetic zone
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Fig. 13facing page. Quantitative scheme of basalt distribution in Lake Kinneret. 1—Ilocation of magnetic anomaly with normal
magnetization, 2—Ilocation of magnetic anomaly with reverse magnetization, 3—observed profile indicating reverse correla-
tion between the total magnetic field and the relief of lake bottom, 4—cal cul ated depth of the magnetic bodies occurring (l1ake
level at —210 m m.sl. was assumed as a zero surface): (a) H,,—for the upper edge of thin bed, (b) H,, for the center of
horizontal circular cylinder, 5—generalized direction of the proposed buried basatic plate dipping. Pull-apart basin is
contoured according to gravity (Ben-Avraham et a., 1996) and seismic (Ben-Gai and Reznikov, 1997) data. Lines I-” and
11-11” show the location of paleomagnetic profiles.
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Fig. 14. Paleomagnetic profile along the line 1" (see location in Fig. 13). 3n, 3r, and 2Ar are the indexes of paleomagnetic
zones. At the Korazim Plateau and Lower Galilee paleomagnetic zones, 3r and 3n are dominant. The thicknesses of these zones
within the rises and in the flanks of Lake Kinneret depression have similar values. Analysis of the magnetic anomaliesin the
western part of Lake Kinneret (Fig. 13) indicates that they are part of zones 3r and 3n.

/] . . i
Lower Galilee Kinarot Basin Golan Heights .
Height, m -t @ Height, m
4003@ £ sy = & G [0
2004 E Tel Katzir N I =} 200
5 4.81 G— N | i 0
> .
-200 ) 4 1 E2+3 | -
400{ N | | ~400
-600- [ B [ -600
-8001 | -800
-1000
1000 l 1 2 3 4km L1200
-1200 r
-1400 [ 1400
-1600 L -1600

Fig. 15. Paleomagnetic profile along the line I1-11” (see location in Fig. 13). Symbols are the same as in Fig. 14. This profile
indicates dipping of thick zone 3n (Cover Basalt) from NE to SW.



168 Israel Journal of Earth Sciences Vol. 53, 2004

255

250-

245-

240-

Q
e
-
=
©
pr—
-
J
235
£ [ 20
230+ ¢ )
E 200
B 400
- -600
:En -800
b= | -1000
2254 @ B 1200
E -1400
- B
< 2000
220_i”_

| I I
195 215 220
Longitude

Fig. 16. Structural map of Cover Basalt surface in the Sea of Galilee and its vicinity (isolines are given in meters relative to
mean sea level). Dashed lines designate location of faults.



L. Eppelbaum et al. Sea of Galilee: Comprehensive analysis of magnetic anomalies 169

3r, asubmersed step of Cover Basalts, and (2) that this
zone corresponds to intrusive associations of the
younger paleomagnetic zone 2Ar.

A N-S paleomagnetic profile aong the western
part of the lake (Fig. 14, line |-1") shows that there are
two topographic rises—in the south (Lower Galilee)
and in the north (Korazim Plateau)—and a depression
in the center of the profile, which corresponds to the
shallow water part of Lake Kinneret. At the Korazim
Plateau and Lower Galilee, paleomagnetic zones 3r
and 3n are dominant. The thicknesses of these zones
within the rises and in the flanks of the Lake Kinneret
depression have similar values. Analysis of the mag-
netic anomalies in the western part of Lake Kinneret
(Fig. 13) shows that they are part of zones 3r and 3n.
Such a pattern indicates that the western part of the
Lake Kinneret depression is probably a part of an
inversion trough formed along the Pliocene uplift in
the eastern part of Galilee (Matmon et al., 1999).

A SW-NE paleomagnetic profile along the Kinarot
basin (Fig. 15, linel1-1") supports results of 3-D mod-
eling, indicating dipping of magnetized basaltic plate
in the southern part of the lake from NE to SW at 9—
12°. The results of magnetic and paleomagnetic data
analysis with utilization of seismic (Ben-Avraham et
al., 1981; Rotstein and Bartov, 1989; Rotstein et al.,
1992; Ben-Gai and Reznikov, 1997; Hurwitz et al.,
2002; Zurieli, 2002) and tectonic (Mor, 1986;
Michelson et al., 1987; Ben-Avraham et a., 1990,
1996; Heimann, 1990; Shaliv, 1991; Heimann et al.,
1996; Sneh et al., 1998b; Matmon et al., 1999;
Belitzky, 2002) data were applied for the compilation
of astructural map of Cover Basalt for Lake Kinneret
anditsvicinity (Fig. 16). Outside thelake, thismap has
been developed on the basis of the Geological Map of
Israel (Sneh et al., 1998a).

CONCLUSIONS

For the analysis of magnetic sources (A—L) occurring in
the lake, advanced methodology specially developed for
complicated environments was applied. The determined
depths of the magnetic sources (upper edge) range from
1100-1200 m (anomalies A and L) to 300 m (anomaly
J). The obtained target magnetization values range be-
tween 0.015 and 0.06 Sl units. Themagnetic field pattern
inthe southern part of Lake Kinneret significantly differs
from the magnetic field in other parts of the lake. The
analysis of the magnetic field distribution, supported by
structural-physical analyss, indicates that this pattern in
the southern part of the lake is caused probably by a

magnetized basdltic plate dipping from NE to SW at
9-12°. Inverse correlation between the magnetic field
and bottom relief in the eastern part of the lake indicates
possibly at or near-surface basalt occurrence of the Early
Pliocene. The anomalous zones on the western and
northern parts of the lake are in accordance with the
adjacent paleomagnetic zones on shore. The anomalies
on the eastern and southern parts do not show the same
agreement. We suggest that the eastern part is sheared
and displaced by the sinistrl movement on the main
boundary fault. We further suggest that the central part
of thelakeisapull-apart basin, and the western part isa
subsided continuation of the Eastern Galilee. The depth
of Cover Basalt under the lake as determined from mag-
netic analysis is in agreement with the depth derived
from the seismic reflection profiles.
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