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Gravity field over the Sea of Galilee:
Evidence for a composite basin along a transform fault

Zvi Ben-Avraham,! Uri ten Brink,? Robin Bell,? and Margaret Reznikov!+#

Abstract. The Sea of Galilee (Lake Kinneret) is located at the northern portion of the
Kinneret-Bet Shean basin, in the northern Dead Sea transform. Three hundred kilometers
of continuous marine gravity data were collected in the lake and integrated with land
gravity data to a distance of more than 20 km around the lake. Analyses of the gravity
data resulted in a free-air anomaly map, a variable density Bouguer anomaly map, and a
horizontal first derivative map of the Bouguer anomaly. These maps, together with gravity
models of profiles across the lake and the area south of it, were used to infer the
geometry of the basins in this region and the main faults of the transform system. The Sea
of Galilee can be divided into two units. The southern half is a pull-apart that extends to
the Kinarot Valley, south of the lake, whereas the northern half was formed by rotational
opening and transverse normal faults. The deepest part of the basinal area is located well
south of the deepest bathymetric depression. This implies that the northeastern part of the

lake, where the bathymetry is the deepest, is a young feature that is actively subsiding
now. The pull-apart basin is almost symmetrical in the southern part of the lake and in
the Kinarot Valley south of the lake. This suggests that the basin here is bounded by
strike-slip faults on both sides. The eastern boundary fault extends to the northern part of
the lake, while the western fault does not cross the northern part. The main factor
controlling the structural complexity of this area is the interaction of the Dead Sea
transform with a subperpendicular fault system and rotated blocks.

Introduction

The Sea of Galilee (Lake Kinneret) is located at the north-
ern portion of the Kinneret-Bet Shean basin (Figure 1a), in the
northern Dead Sea rift [Schulman, 1962; Freund, 1978]. The
Dead Sea rift is a plate boundary of the transform type which
connects the Red Sea, where seafloor spreading occurs, with
the Zagros zone of continental collision [Freund, 1965; Gar-
funkel, 1981]. The Dead Sea transform follows a small circle
from its southern edge at the northern Red Sea to the Sea of
Galilee area [Garfunkel, 1981]. North of the Hula basin the
main trace of the transform changes its orientation to the
northeast (Figure 1b) and forms the Yammuneh fault, while
other faults, mainly the Roum fault in Lebanon, continue
along the small circle to the continental margin near Beirut
|Girdler, 1990]. At the region occupied by the Kinneret-Bet
Shean basin a secondary NW-SE to W-E trending fault system,
which is composed of branching faults, exists on the western
side of the transform fault (Figure 1b). Farther north, branch-
ing faults were developed on the other side of the transform
fault in the Palmyra Range area [Walley, 1988]. A diffusion of
slip from the main transform takes place along the branching
faults as the Arabian and African Plates approach the collision
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zone at the Alpine orogenic belt [Ben-Menahem et al., 1976;
Nur and Ben-Avraham, 1978].

The structure of the Kinneret basin appears to be more
complex than that of other pull-apart basins along the Dead
Sea transform (e.g., Dead Sea basin, Hula basin). The com-
plexity of the area results from the fact that two fault systems
intersect in the lake’s area. The main fault system trends north-
south and is part of the Dead Sea transform, and the secondary
fault system trends NW-SE on the western side of the main
fault and extends into the Galilee. Superposition of vertical
displacements perpendicular or oblique to the transform cre-
ated complicated structures in this area. Because Plio-
Pleistocene basalt flows and intrusions of variable thickness
cover the area [Neev, 1978; Mor, 1986], structural interpreta-
tion of the Kinneret-Bet Shean basin is difficult.

The geometry of the plate boundary in the Sea of Galilee
area has been the subject of considerable debate [Freund, 1978;
Garfunkel, 1981; Kashai and Croker, 1987; Rotstein and Bartov,
1989; Rotstein et al., 1992; Heimann and Ron, 1993]. The main
problems in depicting the geometry of the plate boundary
resulted from the lack of geophysical data from the Sea of
Galilee and the lack of surface expressions of faults in the
northern Sea of Galilee and in the area north of the lake.

The Sea of Galilee is a body of freshwater whose surface is
at about 210 m below mean sea level (msl). Its length is about
20 km, its maximum width is about 12 km, and its maximum
depth is 46 m (Figure 2). The Kinarot Valley south of the lake
is a narrow rift valley; the valley floor dips gently southward.
North of the Sea of Galilee is the Korazim Heights, an elevated
feature which is intensely deformed and covered mostly by
basalts [Heimann and Ron, 1993]. Farther north, another pull-
apart basin exists beneath the Hula Valley [Garfunkel, 1981].

Previous studies of the subbottom structure of the lake have
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Figure 1a. Location map of the Sea of Galilee and its vicinity. Topographic contours 200, 0, and —200 m are

shown. The locations of Zemah 1 and Notera 3 wells are also shown. The Kinneret-Bet Shean basin extends
from the northern shore of the Sea of Galilee in the north to latitude 32°28'N in the south. Both geographic

and Israeli coordinate system are shown.
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Figure 1b. Major faults of the Dead Sea transform

system [after van Eck and Hofstetter, 1990; Heimann and

Ron, 1993]. The box outlines the boundaries of the maps in Figures 1la—6 and 8. [R] marks the area of
pervasive faulting accompanied by block rotation. Inset shows the configuration of tectonic plates.

used various methods including seismic reflection and refrac-
tion [Ben-Avraham et al., 1981, 1986], magnetics [Ben-Avraham
et al., 1980; Ginzburg and Ben-Avraham, 1986], bathymetry
[Ben-Avraham et al., 1990], and heat flow [Ben-Avraham et al.,
1978]. Although the seismic reflection profiles in the Sea of
Galilee are of poor quality, they indicate that the lake area is
tectonically active. Active faults and folded structures were
detected in the uppermost sediments along the margins and in
the interior of the lake [Ben-Avraham et al., 1981]. The seismic
reflection profiles were obtained with various instruments, all
high-resolution single channel with maximum penetration of
about 40 m. The maximum penetration of the seismic refrac-
tion profiles was 630 m.

Several seismic profiles were obtained north and south of
the lake [Rotstein and Bartov, 1989; Rotstein et al., 1992]. A few
holes were drilled in the vicinity of the lake; the deepest one is
the Zemah 1 well located at the center of the Kinarot Valley,
south of the lake. It penetrated a 4249-m sequence of graben
fill consisting of clastic, evaporitic, and both intrusive and ex-

trusive igneous rocks [Marcus and Slager, 1985]. The valley is
covered by the Quaternary Lisan Formation (Figure 3).

In order to learn more about the subbottom structure of the
Sea of Galilee, we conducted in October 1988 a detailed grav-
ity survey on the lake. The marine data were combined with
gravity data on land around the lake to constrain the geometry
and structure of the basin and understand its development.

Methods

Gravity measurements in the Sea of Galilee were made
aboard R/V Hermona, a 6-m-long boat of the Kinneret Lim-
nological Laboratory, Israel Oceanographic and Limnological
Research Ltd., using a BGM-3 sea gravity meter of Lamont-
Doherty Earth Observatory. Positions were obtained with a
Motorola Miniranger navigation system.

The BGM-3 gravity meter system, manufactured by Bell
Aecrospace, consists of an inertial navigation-grade accelerom-
eter mounted on a gyrostabilized platform and a data handling
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Figure 2. Simplified topographic map of the Sea of Galilee and its vicinity. Contour interval is 100 m on land
and 10 m in the lake.

system [Bell and Watts, 1986]. The small size of the gravity north-south lines spaced 1-2 km apart. The total length of lines
meter system made it possible to use a relatively small boat for was about 300 km. The gravity data were collected every 1 s
the measurements. and were averaged once a minute. Since the average speed of

The measurements were made along a grid of east-west and  the boat was 10 knots (18.5 km/hour), about 1000 new grav-
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Figure 3. Simplified geological map of the land area surrounding the Sea of Galilee (modified from Picard
and Golani [1976] and Ron et al., [1984]). The patterns are grid, Pliocene to Pleistocene basalts; inverted Ts,
Jurassic-Eocene sediments (mainly carbonates); open areas, Neogene to recent clastic and lacustrine sedi-
ments of graben fill. Arrows indicate the locations of gravity profiles (Figure 7). The location of Zemah 1 drill
hole is shown. Abbreviations are AF, Almagor fault [Heimann and Ron, 1993]; JF, Jordan fault.

ity measurements were collected, one every 300 m along the
lines.

A moving average filter with a 200-s Gaussian window was
applied to the gravity data to remove the accelerations of the
boat. The data were manually edited to remove bad measure-
ments. E6tvos correction was applied to compensate for the

boat’s velocity. The uncertainty of the gravity measurement is
less than 1.5 mGal, and the uncertainty of the navigation was
estimated at about 3 m. Bathymetric data were available from
an earlier survey [Ben-Avraham et al., 1990] in which measure-
ments were made on a grid of east-west and north-south lines
with line spacing of 100 m. An average of the bathymetric data
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Figure 4.
stations (dots on land and lines in the lake). The gravity values were gridded at 0.65-km square cell size and
smoothed. Contour interval is 5 mGal. Arrows at the sides of the map indicate locations of gravity profiles
(Figure 7). (b) Free-air gravity anomaly map of the Sea of Galilee. The gravity values were gridded at 0.2-km
square cell size and smoothed. Contour interval is 4 mGal.

was computed within a circle with a radius of 25 m around
every gravity measurement.

The gravity measurements over the Sea of Galilee were
combined with gravity data in the surrounding areas which
were obtained from the archives of the Institute of Petroleum
Research and Geophysics, Israel. Relatively few data points
exist east of the lake, while a dense coverage exists south, west,
and north of the lake. The tie with land data was accomplished
by repeated measurements at the Kinneret Limnological Lab-
oratory dock and a known reference station of the Israeli
gravity network. The land values were recalculated using the
1967 International Gravity Formula.

Free-Air and Bouguer Gravity Anomalies

The free-air gravity anomaly map (Figure 4a) shows many of
the same features as the topography. The anomaly is quite
variable: the lake coincides with a negative anomaly (—40
mGal) and the surrounding highlands with positive anomalies
(+120 mGal). To the west the anomaly is rather flat and drops
by about 100 mGal into the basin. The Kinneret-Bet Shean
basin, the Korazim Heights north of it, and the Hula basin
farther north are well defined lows on the map. Several zones
of steep gradient of the gravity field can be observed in asso-
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(a) Free-air gravity anomaly map of the Sea of Galilee and its vicinity and locations of gravity

ciation with topographic and bathymetric escarpments. Steep
gradients of 25 mGal/km exist in places along the western
margin of the Bet Shean basin, including the Kinarot Valley,
and the southwest margin of the lake.

An enlargement of the free-air anomaly within the lake
(Figure 4b) shows that the gravity minimum, defined by the
—40-mGal contour, is displaced to the eastern side of the lake
and is south of the principal bathymetric depression of the lake
(compare with Figure 2). In the southern part of the lake a
steep gradient in the free-air gravity anomalies is oriented
north-south and is located between the western coastline and
the gravity minimum. It extends about half way up the lake
from the southern edge of the lake. The steepest topographic
escarpment is, on the other hand, along the eastern side of the

lake.

Following density measurements by Folkman [1976] and a
gravity study of the Dead Sea basin [ten Brink et al., 1993], two
densities were chosen for the Bouguer corrections of Figure 5:
2550 kg/m® for all the points shallower than 150 meters below
sea level (mbsl) and 2150 km/m? for all the points deeper than
150 mbsl. The first density corresponds to the Mesozoic and
early Cenozoic carbonate cover outside the transform valley
and the second to the Quaternary sediments inside the valley.
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(a) Bouguer gravity anomaly map of the Sea of Galilee and its vicinity and locations of gravity

stations (dots on land and lines in the lake). The gravity values were gridded at 0.65-km square cell size and
smoothed. Density used for the Bouguer correction is 2550 kg/m> above 150 meters below sea level (mbsl) and
2150 kg/m® below 150 mbsl. Reference level for map and lake level during the experiment is 210.2 mbsl.
Contour interval is 5 mGal. (b) Bouguer gravity anomaly map of the Sea of Galilee. The gravity values were
gridded at 0.2-km square cell size and smoothed. Contour interval is 4 mGal.

The water density was replaced with a density of 2150 kg/m®. A
reference level of —210.2 m (the lake level during the experi-
ment) was chosen for the Bouguer correction.

Bouguer gravity correction is an effective way of removing
the gravitational influence of local (short wavelength) topog-
raphy. The Bouguer anomaly map (Figure 5a) shows the re-
gional gradient which decreases to the east across the Dead
Sea transform from values in excess of 40 mGal to values
around 0 mGal. West of the Dead Sea transform, the Bouguer
gravity map shows a gravity gradient decreasing eastward. A
similar eastward gradient was observed farther south (along
latitude 32°00'N) and was interpreted to represent thickening
of the crust from =12 km in the Mediterranean Sea to 35 km
in the Arabian Plate [ten Brink et al., 1990]. The gradient is
steepest close to the transform indicating possibly a step in
Moho thickness across the transform, due to the juxtaposition
of crusts of different thickness by the strike-slip motion [ten
Brink et al., 1990]. The gradient greatly reduces east of the
transform, probably due to the fact that there is no thickening
of the crust beyond the plate boundary. Two oblong-shaped
areas of relatively negative gravity anomaly exist over the Sea
of Galilee and the Hula basin.

Within the lake the Bouguer gravity minimum, denoted by

the —30-mGal contour, is located at about the same place as
the free-air gravity minimum (Figure 5b). The northeastern
margin of the lake is not well defined by the contours of either
the free-air or Bouguer gravity anomalies.

The gravity maps (Figures 4 and 5) and first horizontal
derivative map suggest that Sea of Galilee is divided into two
subbasins. The center of the deepest one coincides within the
gravity minimum at latitude 32°46'N, and it extends southward
into the Kinarot Valley. It also extends northward up to the
widest part of the lake, at latitude 32°50'N, and has an elon-
gated shape in a north-south direction. The second more subtle
E-W trending subbasin occupies the widest part of the lake. It
may extend to the northeast into the Buteikha Valley on land
and to the west into the Ginosar Valley on land.

The first horizontal derivative map of the Bouguer anoma-
lies (Figure 6) emphasizes the short wavelength features of the
Bouguer anomalies. The Kinneret-Bet Shean basin is bounded
on the western side by a lineament of high gravity gradient.
The crest of the maximum gradient in this area probably rep-
resents a fault separating rocks of different densities. Within
the lake itself the western gradient widens and appears to split
away from the southwest coast of the lake which is also asso-
ciated with high gravity gradient. On the east a lineament of
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Figure 6. Map of the magnitude of the first horizontal derivative of the Bouguer anomaly map. Map
emphasizes the short wavelength features of the Bouguer map (Figure 5). Contour interval is 2 mGal/km.

high gravity gradient borders the Sea of Galilee and the Kin-
arot Valley, south of the lake. It probably extends farther
south; however, only one profile of gravity stations at
~32°35’'N extends east of the valley. The Hula basin is
bounded, like the southern Kinneret-Kinarot basin, on the
eastern and western sides by lineaments of high gravity gradi-
ents. The first horizontal derivative map (Figure 6) also shows
a high gravity gradient along the northwestern margin of the
lake. This suggests that a subsurface fault probably separates
the Korazim Heights from the Sea of Galilee basin.

Gravity Models

Three two-dimensional gravity models were calculated along
cast-west profiles across the basin and adjacent land areas and
compared with free-air anomalies along the profiles (Figure 7).
Two are located across the lake and one south of the lake
(Figures 3 and 4). No gravity data exist east of the Kinarot
Valley south of the lake along the eastern part of profile 3.
Therefore data from the single profile of gravity stations lo-
cated south of the profile at ~32°35'N and data from the area
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north of it were interpolated to fill the gap. A linear trend was
removed from the free-air gravity profiles prior to the model-
ing. The densities that were used are of Lake Kinneret water
(1000 kg/m®), the sediment fill (2150 kg/m?), the Mesozoic-
early Cenozoic carbonates (2550 kg/m?), the crystalline base-
ment (2670 kg/m?), and the Tertiary basalt flows (2750 kg/m®).
The thickness of the basalt flows in the models ranges between
150 and 200 m in accordance with the observation of Mor
[1986] on basalt flows in the Golan Heights.

The models used available geological and geophysical infor-
mation including topography and bathymetry, seismic data
[Ben-Avraham et al., 1981; Rotstein et al., 1992], stratigraphic
information from the Zemah 1 well [Marcus and Slager, 1985],
and the depth to crystalline basement [Ginzburg et al., 1979]
along the west margin of the Dead Sea transform. The latter is
unknown under the Kinneret-Bet Shean basin.

The models indicate that the width and depth of the basin
vary along its length. The deepest part of the basin reaches
more than 6 km. The width varies from 8 to 18 km. The models
for the southern part of the lake (profile 2) and for the Kinarot
Valley (profile 3) suggest that the narrow, deep basin in this
region is probably bordered by faults on both sides. In the

northern part of the lake the main basin extends westward

toward the Ginosar Valley on land with reduced thickness of
the sedimentary fill. In this part (profile 1), only the eastern
side is probably bordered by a fault.

The Structure of the Sea of Galilee

The analysis of the gravity data together with previously
obtained bathymetric, seismic, and magnetic data provides in-
formation about the structure of the Sea of Galilee. The lake
can be divided into two distinct units. South of latitude
32°49'N, the lake is narrow and bordered by two north-south
trending boundary faults (Figures 6 and 7). In this area the
basin is the deepest. North of latitude 32°49'N, the basin is
wider. The western boundary fault at the southern part of the
lake probably does not continue into the northern part. The
main basin in the southern part of the lake is shown as a valley
in the first horizontal derivative map (Figure 6). It has an
elongated shape, typical of pull-aparts. The western boundary
at this part of the basin continues southward into the Kinarot
and Bet Shean Valleys.

The floor of the lake is quite smooth probably because of the
considerable sedimentation rate. A notable exception is a small
WNW trending bathymetric scarp at water depths of 13-21 m
along latitude 32°44'N (note the contours —225 m and —230 m
in Figure 2). Seismic reflection and magnetic data suggest that
the scarp is a surface expression of a fault [Ben-Avraham and ten
Brink, 1989]. It could mark the location of a transverse fault that
separates the Kinarot Valley from the southern part of the lake.
However, this fault is not associated with a high gravity gradient.

The gravity models suggest that the basin in the southern
part of the lake is a full graben or close to a full graben similar
to the Dead Sea basin [ten Brink et al., 1993]. On the basis of
earlier studies in the Gulf of Elat [Ben-Avraham, 1985] and
other continental transforms [Ben-Avraham, 1992; Ben-
Avraham and Zoback, 1992], this situation probably indicates
that strike-slip motion is taking place along both the western
and eastern boundary faults in the southern part of the lake
(Figure 8). The western boundary fault in the deep part of the
lake is expressed in the bathymetry [Ben-Avraham et al., 1990]
as a step in the otherwise smooth slope of the lake floor.
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Figure 7. Three east-west gravity profiles (dashed lines, see
Figures 3 and 4a for location) extracted from the gridded
free-air gravity data shown in Figure 4 with linear trend re-
moved, compared with calculated gravity (solid lines) from
two-dimensional density-depth models (below the profiles).
Density is 1 X 10° kg/m”. Values for the eastern part of profile
3 were interpolated from data north and south of it. Dark
layers are basalt flows. Distance in kilometers is measured
from longitude 180, Israel coordinate system. Location of
Zemah 1 drill hole is shown on profile 3. Inverted triangles
mark the boundaries of the lake.

Although the situation in the Kinarot Valley, south of the lake,
is less clear because of the lack of gravity data east of the valley
except for a single profile of gravity stations, evidence from
seismic reflection profiles suggests that a full graben may also
exist here. Rotstein et al. [1992] have proposed on the basis of
high-resolution multichannel seismic profiles en echelon arrange-
ments of the Dead Sea transform segments in the Kinarot Valley.

The Bouguer gravity map (Figure 5b) and the gravity models
further suggest that the basin in the northern part of the lake
is asymmetric to the east. However, strike-slip motion along
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Figure 8. Schematic map showing the main structural elements in the Sea of Galilee and its vicinity. Heavy
lines are faults. Faults with arrows mark our interpretation of strike-slip fault strands of the transform. The
lows in the Sea of Galilee and Hula basin are from the first horizontal derivative map (Figure 6), and the high
in the Korazim Heights is the center of the elevation in the Bouguer anomaly map (Figure 5). Dotted lines
are crests of the maximum gravity gradients. Hatched areas mark fault zones observed in seismic lines [after
Rotstein and Bartov, 1989; Rotstein et al., 1992]. North of the Sea of Galilee, the barbed line marks the surface
trace of a reversed fault which dips under the Korazim Heights. Arrows in the Korazim Heights and the

eastern Galilee mark rotations [after Ron et al., 1984; Heimann and Ron, 1993].
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the eastern margin probably does not extend north of latitude
32°49'N. Otherwise, a pull-apart basin should exist in the Bu-
teikha Valley (Figure la), because the location of the left-
lateral transform north of the lake is shifted to the left com-
pared with the fault along the eastern margin of the lake.
Seismic reflection profiles and gravity data north of the lake do
not show the existence of a pull-apart basin there. Strike-slip
motion thus is taking place along the eastern margin of the
Kinarot Valley and the southern part of the eastern margin of
the lake, while in the west, strike-slip motion is probably taking
place along a boundary fault that extends from the western
margin of the Kinarot Valley northward into the southern part of
the lake. The western fault does not extend through the entire
length of the lake, unlike an earlier suggestion that was based on
gravity data from around the lake [Kashai and Croker, 1987].

Synthesis

The Sea of Galilee basin is divided into two distinct units.
The southern half forms a continuation of the Kinarot Valley.
The northern half was probably formed by two sets of faults,
the N-S trending Dead Sea rift and the NW-SE to E-W trend-
ing eastern Galilee branching faults (Figures 3 and 8). The
branching faults break the regions adjacent to the transform in
the Sea of Galilee area [Ben-Avraham et al., 1980]. As a result,
two subbasins with different trends were formed and superim-
posed within the area covered by the lake. The southern basin
is probably a pull-apart which was formed as a result of the
transform motion. The deepest part of this basin is located well
south of the deepest bathymetric depression, which is probably
a young feature that is actively subsiding now. The center of
the bathymetric depression is located in the northern basin
which was formed by a complex deformation, and it is not a
pull-apart. The existence of the two units gives the lake its

unusual shape, which is quite different from a typical rhomb-

shaped basin.

In the north the Hula is a classical pull-apart basin with a left
stepping jog occurring around latitude 33°06'N. The two faults
may overlap by as much as 5 km and are separated by 6—7 km.
The eastern fault extends from the Sea of Galilee northward
parallel to the Jordan River gorge (the Jordan fault [Belitzky,
1987]). At the south margin of the Hula basin the strike-slip
motion is probably shifted to the western boundary fault [Roz-
stein and Bartov, 1989]. The eastern boundary fault along the
eastern margin of the Hula basin is mainly a normal fault. The
gravity anomaly delineates the spatial dimensions of the basin
to be 20 km by 6 km (Figure 5a). Drilling at the Notera 3 well
in the Hula basin shows a sediment thickness of ~2.8 km
[Heimann and Steinitz 1989]. The negative gravity anomaly
associated with the basin is about 25 mGal, which gives an
average sediment density of 2150 kg/m>. The sediment com-
position as revealed in the drill hole consists of alternating
basalt and layers of peat, lignite, marl, sand, freshwater lime-
stone, and conglomerate [Heimann and Steinitz, 1989).

South of the Hula pull-apart basin is the Korazim Heights
block. Heimann and Ron [1993] inferred 11° counterclockwise
rotation of this block from paleomagnetic data. They attribute
the uplift of this block to a compression component which was
introduced by a secondary strand of the Dead Sea transform
(the Almagor fault) which strikes 020°, while the main strand
of the transform (the Jordan fault) trends north-south (Figure
3). Rotstein and Bartov [1989] suggested that the Korazim
Height is a “push-up” structure. They reasoned that if the

543

Jordan fault extends from the western side of the Sea of Ga-
lilee to the eastern side of the Hula Valley, then the fault trace
is oblique to the direction of plate motion, which will result in
shortening.

Seismic reflection data [Rotstein and Bartov, 1989] show that
the main strike-slip fault east of the Korazim block dips west-
ward at about 70° and present structural evidence for compres-
sion across the fault. The Jordan fault plane at a depth of 4-5
km lies beneath the surface trace of the Almagor fault; thus the
Almagor fault is probably a secondary antithetic fault. We
suggest that compression across the fault and the uplift of the
Korazim Heights is the result of block rotation on the inclined
Jordan fault. There can be two reasons for the shortening.
First, if the uplifted block consists of NW-SE elongated slivers
[Heimann and Ron, 1993], the slivers must undergo shortening
during counterclockwise rotation. Second, rotation over an
inclined fault surface, particularly when the fault surface de-
creases in dip to the north [Rotstein and Bartov, 1989], will
force the edge of the block to climb the fault surface in order
to fit the smaller available space. Therefore we interpret the
uplift of the Korazim block not as a push-up structure but as a
result of shortening forced by the rotation of the block.

A key kinematic question is the continuity of motion along
the different segments of the Dead Sea transform in the area.
Although a gradual right step from the western boundary fault
of the Sea of Galilee to the southeastern part of the Hula
Valley [Rotstein and Bartov, 1989] is a simple solution to this
question, it will lead to an uplift centered around the right step.
In other words, the uplift will be centered in the northern part
of the Sea of Galilee, an area currently under subsidence. On
the other hand, if the majority of motion along the Dead Sea
transform is taken on the eastern boundary fault of the Sea of
Galilee, then a small left step northward toward the Jordan
fault is expected to create a small pull-apart basin. Seismic
reflection [Rotstein and Bartov, 1989] and our gravity data do
not support the existence of a basin under the NE shore of the
Sea of Galilee. Hence we are forced to conclude that the
motion in the northern Sea of Galilee is accommodated by
either nonrigid deformation (e.g., crushed zone [Sibson, 1985])
or block rotations and numerous oblique and perpendicular
normal faults (Figure 8).

A possible by-product of the counterclockwise rotation is
opening along the northern coast of the Sea of Galilee, as
suggested by the gravity data. The gravity map shows gradual
increase in the gravity values toward the central and southern
parts of the Sea of Galilee. This indicates that the northern Sea
of Galilee gradually deepens southeastward. Large-scale coun-
terclockwise rotations (53°) of Miocene rocks were also ob-
served west of the lake (Tiberias province [Ron et al., 1984]).
These rotations could result in opening of the Ginosar Valley
northwest of the lake. The structure of the northern part of the
lake is probably further complicated by a NW-SE trending
normal fault system which terminates eastward in the lake.
Thus the Sea of Galilee basin is perceived as a composite
depression caused by a possible combination of pull-apart
opening, rotational opening, and transverse normal faults.

Conclusions

The results of the gravity analysis over and around the Sea of
Galilee indicate that two subbasins exist within the lake. The
southern subbasin was formed as a pull-apart and is bordered
on its east and west sides by segments of the Dead Sea trans-
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form. This is the deeper subbasin with more than 6 km of
sediments. The northern subbasin is bathymetrically the deep-
est. It is probably the most actively subsiding area in the Sea of
Galilee and was probably formed as a result of the counter-
clockwise rotation of the Korazim block north of the Sea of
Galilee and by branching faults.

Thus the Sea of Galilee is a composite depression that was
formed by a possible combination of pull-apart opening, rota-
tional opening, and transverse normal faults. We suggest that
the structural complexity that led to the existence of two sub-
basins within the relative small area of the Sea of Galilee is the
result of the breakup of coherent plates in front of the plate
collision zone to the north. '
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