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Extended Summary

A morphotectonic study of the Galilee, northern Israel, reveals several stages of late
Cenozoic tectonic activity that led to the development of the present landscape. A
north-south extensional stress field that prevailed in northern Israel since the Miocene
caused the formation of fault systems that were active in three phases and eventually
formed the tectonic blocks that dominate the present-day topography of the Galilee.
Arching of the Galilee in the Pliocene and Pleistocene formed the structural mountainous
back-bone of Israel parallel to the Dead Sea Transform valley (DST). The main water
divide between the Mediterranean and the DST is located along the axis of this structural
arch. Fresh bedrock fault scarps found at various locations throughout the Galilee
indicate episodic Holocene tectonic activity along normal faults was episodically
intensive.

The lack of late Cenozoic sedimentary units or widespread volcanic in the Galilee
prevented for many years the use of traditional geological methods to determine and to
reconstruct the temporal framework of the late Cenozoic tectonic activity and landscape
evolution. New approaches and methodologies were developed in this study to
understand and interpret the geomorphic-tectonic relationships in the region by using
morphometric analyses, studying and reconstructing ancient drainage systems, and dating
exposed bedrock surfaces using cosmogenic radionuclides. These methods were applied
along with more traditional research techniques such as radiometric dating of basalt
clasts, XRF chemical analysis, and petrologic examination of thin sections.

By using a quantitative morphometric analysis it was possible for the first time to

determine the relative ages of late Cenozoic block-bounding normal faults that form the



along with more traditional research techniques such as radiometric dating of basalt
clasts, XRF chemical analysis, and petrologic examination of thin sections.

By using a quantitative morphometric analysis it was possible for the first time to
determine the relative ages of late Cenozoic block-bounding normal faults that form the
Galilee escarpments. The analysis considered only major topographic elements and
utilized structural maps with 50 m contours based on the top of Judea Group datum.
Therefore, only major tectonic and erosional phases were distinguished.

Two morphometric parameters are used to discriminate between tectonic phases: a) the
ratio between the height of an escarpment and the total stratigraphic displacement (L); b)
the normalized shape of the topographic profile of each escarpment relative to a reference
slope profile of the escarpment of Mt. Tur’an dated at 4.23+0.23 Ma. The morphometric
analysis indicates three groups of faults: (a) without topographic expression (L=0), (b)
with L~0.5, indicating that topography related to the early stages of displacement was
eroded and that recent topography is associated to a later phase of vertical displacemerit,
and (c) with L>0.75, indicating that most of the vertical displacement is expressed by
relief.

The erosion of relief formed by faulting, as indicated by the L-index value, was part of a
regional denudation process that was active in the Oligocene and Miocene and in some
places during the Pliocene. Although it discriminates between tectonic phases, the
L-index is not a good enough indicator of the actual timing of the formation of
escarpments associated with the normal faulting. Therefore, morphometric analysis of the
slopes of the escarpments was preformed. This analysis shows that (a) generally, the

topographic profiles of different parts of each individual escarpment have similar



geometry; (b) in cases where there are systematic variations in profile shapes along
escarpments, they are in accord with segmentation deduced from values of the L-index;
(c) escarpments more concave or convex than the reference Tur’an escarpment are older
or younger than 4 Ma, respectively, and (d) the Galilee escarpments did not form
simultaneously. A few were already major morphologic features by the Early to Middle
Pliocene and the rest are younger, having formed between 4-2 Ma.

The formation of the block structure in the Galilee cannot explain the regional
configuration of the present drainage system. The development of the present main
drainage divide in Israel in general, and in the Galilee in particular, is associated with a
long wavelength flexing that formed a structural arch between the Mediterranean and the
DST. During the Pleistocene, the arching was followed by the establishment of the main
North-South water divide in the region and reversal of stream flow direction. A
reconstruction of the Beit-Hakerem paleochannel, which drained large areas in the
eastern Galilee to the Mediterranean, enabled the determination of age and amplitude of
arching that occurred during the Quaternary. Dating of basalt clasts from ancient alluvial
remnants, provides a maximum age limit of 1.8 Ma to the paleochannel. The Pleistocene
tectonism arched the Galilee by 200 m over a wavelength of 40-60 km. A comparison
between arched and unarched segments of the DST margins, indicates that fluvial and
slope processes on the escarpment’s edge cannot explain the location and shape of the
main water divide. In the Galilee, tectonism is the only factor that controls the formation,
location and shape of the main water divide.

Morphometric analysis and reconstruction of the drainage systems in the Beit-Hakerem

and Bet-Ha’Emek valleys indicate that by the beginning of the Pleistocene the landscape



in the Galilee was very similar to the present. Nevertheless, there is evidence for ongoing
Quaternary tectonic activity in the region. One of the most striking features along some
of the main tectonic escarpments in the Galilee is the fresh hard-rock fault-scarps. The
timing of tectonic activity that formed one of these scarps was determined by measuring
concentrations of cosmogenic isotopes.

The abundance of 36Cl, one of the cosmogenic isotopes and the most suitable for
exposure dating of carbonate rocks, was measured in 41 limestone samples (and 4
duplicates) taken from and near the Nahef East fault scarp. Using production rates,
production-at-depth relationships of 36Cl, and the geochemistry of the Nahef East scarp
samples, a numerical model that enables the fit of a most likely earthquake (i.e. exposure)
history was constructed. The numerical model indicates that the upper (vertical) meter of
the scarp was exposed nearly 12,000 years ago, but the majority (6 m) of the scarp was
exposed during ’a 3 kyr period in the middle Holocene. The rapid exposure of 6 meters of
scarp indicates that large (M>6) earthquakes must have occurred during this time. The
bottom 1.8 meters of the scarp were exposed as recently as 1500 kyr.

This is the most complete and detailed study to date, regarding in-situ cosmogenic 36Cl
accumulation on a bedrock fault scarp; the availability of this method to others studying
normal faults that form bedrock scarps, will vastly increase the amount of paleoseismic
information. This research presents the first evidence for Holocene fault activity in the
Beit Hakerem Valley in particular and in the Galilee in general. It also provides the first
estimates of rates of landscape-forming processes, such as limestone erosion (~29 m/My)
and fault scarp development. The project indicates that at least for the Nahef East fault

scarp, the standard calculation of recurrence interval may not be valid because it appears
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that fault activity was limited to a short period of time. Comparing of the morphology of
the dated Nahef fault scarp to other bedrock fault scarps in the Galilee, indicates that
Holocene displacement along normal faults was widespread.

Geomorphological study of the Bet-Ha’Emek Valley, Upper Galilee, enables the
detection of the different tectonic stages that took place in the region and a better
understanding of the relation between long-term tectonic activity and surficial processes.
Morphological, sedimentological, and structural data collected along the different reaches
of the Bet-Ha’Emek and neighboring drainage systems indicate a number of tectonic
phases during the regional landscape evolution. These data indicate that faulting was
active from the Miocene and until the Late Pleistocene (or Holocene) and that the
development of the landscape is mainly controlled by rates of faulting and regional uplift
and less by surficial processes.

The pattern and evolution of the Bet-Ha’Emek drainage system implies that the relief of
the Bet-Ha’Emek Valley and the development of the drainage system in it preceded the
development of the Zurim Escarpment and the formation of the topographic and
structural NW regional tilt of the Upper Galilee. The present relation between the Zurim
Escarpment and the Bet-Ha’Emek drainage system suggests that no observable retreat
occurred along the escarpment since its formation more than 4 Ma.

Incision of the Bet-Ha’Emek drainage system and adjacent streams into alluvial terraces
signals the response of the drainage system to the regional-scale uplift and is not
associated with displacement of the Bet-Ha’Emek fault system. The regional uplift is also
expressed in the steep gradient of the Upper Galilee streams.

It is demonstrated in this research that morphologic and morphometric analysis are a



good (and sometimes the only) way to study tectonic evolution in an erosional landscape.
The use of cosmogenic isotopes as an indicator of exposure history and as a way to
measure erosion rates is a powerful tool in the study of landscape development and
tectonic evolution. The methods developed in this study can be applied in other areas of
similar geologic and climatic conditions.

Three main phases of tectonic activity in the Galilee are determined from this study:
Normal faulting predating the eruption of the Cover Basalt Formation around 4 Ma. The
morphology of the Zurim and Meron escarpments, which formed during this tectonic
phase, is still preserved. This phase was dominated by strike-slip movement along NW
and SW trending faults (Ron, 1978; Ron et al., 1984).

A second normal faulting phase postdating the eruption of the Cover Basalt Formation.
The topographic expression of this phase builds most of the present morphotectonic
features in the Galilee. The formation of these features took place between 4-2 Ma.

The arching of the Galilee and the formation of the present main water divide occurred
during the Late Pliocene and Early Pleistocene.

It is unclear whether the first two stages were continuous or if there was a long period of
relative tectonic quiescence between them. Although the arching phase perumably took
place contemporaneous with both faulting phases, it established the present course of
main water divide only in the Pleistocene.
The dated Nahef fault scarp and the morphology of many fresh looking bed-rock fault
scarps that are developed in carbonate rocks throughout the Galilee, might indicate

significant Holocene displacement in northern Israel.
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ABSTRACT

We used topographic and structural data
and very limited age control to perform
quantitative morphometric analyses and to
determine relative ages of escarpments
bounded by late Cenozoic normal faults in
the Galilee, Israel. The Galilee is an exten-
sional zone composed of a series of uplifted
and tilted blocks forming large escarpments
built mainly of carbonate rocks. Two pa-
rameters used to discriminate tectonic stag-
es are the ratio between the height of the
escarpment and the total stratigraphic dis-
placement (L) and the degree of concavity
of escarpment slopes relative to a reference
slope. The only dated reference slope is
Mount Tur’an, ~300 m high and formed
by the Tur’an fault system, which has a to-
tal stratigraphic displacement of 625 m. A
basalt flow that delimits the age of the
Tur’an escarpment is dated to 4.23 = 0.23
Ma and displaced 300 m, which is identical
to the present-day topographic expression
of this escarpment. The L value for this es-
carpment is ~0.5. The Tur’an fault system
was active prior to 4.23 Ma at slow uplift
rates that enabled erosion to maintain the
gentle slope over which the basalt flowed.
Increased offset rates following the basalt
extrusion led to the formation of the es-
carpment. The preservation of the basalt at
the top of the escarpment indicates that
erosional lowering of the upper surface of
the Tur’an block has been minor since its
formation.

The L values indicate two stages of uplift;

*E-mail: amatmon@zoo.uvm.edu.

an early stage during which offset rates were
probably low enough that they did not form
topography, and a later stage that formed to-
pography, which is preserved. The timing of
the change in displacement rates from a slow
continuous stage to a fast, topography-form-
ing stage was determined by comparing the
shape of the dated slope of Tur’an to that of
other slopes. We conclude the following: (1)
generally, the topographic profiles of different
parts of each individual escarpment have
similar shapes indicating similar ages; (2) es-
carpments having slopes that are more con-
cave or convex than the reference Tur’an es-
carpment are older or younger than 4 Ma,
respectively; and (3) the Galilee escarpments
did not form simultaneously. A few escarp-
ments were already major morphologic fea-
tures by the early to middle Pliocene, whereas
the rest formed during the late Pliocene.

Morphometric analysis is a useful method
for studying the geologic history of a land-
scape controlled by normal fault uplift and
characterized by the absence of sediment de-
position and where carbonate dissolution is
the main erosional process. This and similar
approaches can be used to discriminate tec-
tonic stages and understand the relationship
between tectonic activity and surface process-
es in other extensional regions.

Keywords: Israel, normal faulting, slopes,
morphometry, topography.

INTRODUCTION

Understanding the temporal framework of
ongoing active faulting in erosional terrains is
difficult due to the absence of datable sedi-

ments or volcanic rocks. In such terrains, tec-
tonic and landscape evolution studies cannot
rely on precise time indicators and only the
relief and its relation to geologic structure of-
fer insight into stages of landscape evolution
and tectonic activity.

The Galilee, northern Israel (Fig. 1), is an
erosional terrain (i.e., very little clastic depo-
sition) where landscape evolution has been
controlled mainly by Neogene to Quaternary
tectonic activity (Freund, 1970; Ron et al..
1984; Matmon et al., 1999a). Neogene and
Quaternary sediments and volcanic rocks ac-
cumulated only at the margins of the Galilee
(Schulman, 1962; Kafri and Ecker, 1964;
Glikson, 1965; Issar and Kafri, 1972; Mor et
al., 1987; Heimann, 1990; Shaliv, 1991; Si-
van, 1996). Most of its mountainous area was
subjected to erosion during the Neogene and
Quaternary and, therefore, the youngest ex-
posed rocks in this area are of Eocene age.
The general absence of upper Tertiary rocks
means that over most of the Galilee, there are
very few stratigraphic markers or datable geo-
logic features available to reconstruct the post-
Eocene tectonic development of the region.
For this reason, the temporal development of
the morphology of the Galilee is incompletely
understood. Similar difficulties face research-
ers in areas undergoing extensional tectonics
around the Mediterranean as well as other car-
bonate terrains in the world.

This study was aimed at providing time
constraints on the age of the main escarpments
in the Galilee and understanding the relation-
ship between tectonics and erosional processes
in this region using morphological analysis.

GSA Bulletin, December 2000: v. 112: no. 12: p. 1864—1876: 13 figures: | table: Data Repository item 2000113,
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Figure 1. Location map. Shaded relief map by Hall (1993). 1—Nahef, 2—Mount Tur’an, 3—Mount Mimlah, 4—Rosh-Haniqra, 5—
Mount Kamon, 6—Qoranit, 7—Ha’on, 8—Mount Sahzor, 9—Nahal Zalmon, 10—Nahal Segev, 11—Kabul, 12—Bet-Ha’emek, 13—
Mount Zonem, 14—Mount Meiron, 15—Mount Gilon, 16—Mount Esh’har, 17—Mount Hilazon, 18—Mount Sha’abi, 19—Hararit, 20—

Mount Azmon, 21—Nazerat, 22—Mount Tabor, 23—Givat Hamore, 24—Peqi’in, 25—XKisra, 26—Mount Livnim.

The method presented here is based on struc-
tural, topographic, and morphologic data and
involves (1) the ratio between the height of
escarpments and the total stratigraphic dis-
placement that formed them, and (2) an anal-
ysis of the shape of the escarpments. These
two parameters, together with the available
age control, are applied to determine the rel-
ative age of tectonically formed escarpments
in the Galilee.

Geological Society of America Bulletin, December 2000

PREVIOUS STUDIES

Morphologic features in general, and the
evolution of the shape of slopes in particular,
have been used as tools to study tectonic ac-
tivity. Classic landscape evolution models
based on morphologic analysis were integrat-
ed with tectonic interpretations by early re-
searchers (e.g., Gilbert, 1877: Davis, 1899;
King. 1957; Simons, 1962). Later studies

(e.g., Hack, 1960) added insight into the re-
lationship between topography and tectonic
activity. In recent years, the use of morphol-
ogy to interpret tectonic activity has increased.
Bull and McFadden (1977) and Bull (1977)
used geomorphic features to describe the re-
lationship between tectonics and geomorpho-
logic processes. Adams (1984) pointed to the
secondary influence of lithology on the de-
velopment of escarpments in the mountain
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Figure 2. Geologic map of Mount Tur’an. The Cover Basalt flowed over a gentle topog-
raphy that preceded normal faulting and formation of the Tur’an block. Outcrops of the
Cover Basalt are found at several locations on top and around the base of Mount Tur’an.
The geology is after Vroman (1958) and Michelson (1970).

front of the Southern Alps of New Zealand.
Hare and Gardner (1984) analyzed uplifted
surfaces to determine the relative timing of
tectonic activity in Costa Rica. Mayer (1986)
proposed several morphologic indices along
mountain fronts and escarpments that can be
used as tectonic indicators, and Keller (1986)
discussed the use of surface erosion processes
as tools for tectonic investigation. Wells et al.
(1988) and Menges (1988) applied morpho-
metric analyses to infer variations in tectonic
activity using mountain-front morphology,
riverbed gradients, and ridge shapes. Menges
(1988) concluded that lithology plays only a
secondary role in the development of tecton-
ically formed slopes in the Rio Grande rift in
New Mexico.

Only a few studies have examined the re-
lationship between tectonics and morphology
in the Galilee (Picard, 1943; Yair, 1962;
Freund, 1970; Nir, 1970; Bar and Harash,
1983; Ron et al., 1984; Kafri, 1997; Matmon
et al., 1999a). Nir (1970) distinguished mor-
phologic surfaces in the Galilee and attributed
them to a recent uplift. Bar and Harash (1983)
compared slope morphology of different tec-
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tonic escarpments in northern Israel and cat-
egorized them into several groups according
to their shapes. Ron et al. (1984) distinguished
between a pre-Pliocene tectonic phase that
does not contribute to the present landscape,
and a Pleistocene tectonic phase that controls
the present landscape. Kafri (1997) did com-
prehensive work on the Miocene drainage sys-
tems in the Lower Galilee and related the
changes in their routes to the development of
the base level in the east (the Dead Sea trans-
form valley) and in the south (Yizre’el
Valley).

GEOGRAPHIC AND GEOLOGIC
SETTING

The Galilee, northern Israel, is divided
along the Zurim escarpment into the Lower
and Upper Galilee (Fig. 1). The Lower Galilee
consists of a series of east-west—trending ridg-
es bounded by normal faults (Freund, 1970)
and separated by elongated valleys. The Upper
Galilee is the largest, highest, and northern-
most uplifted block. It is internally faulted and
dissected by deep valleys. The Galilee is char-

acterized by a Mediterranean climate, i.e., dry
summers and mild rainy winters, and the an-
nual precipitation is 600—800 mm.

Two major fault systems are identified in
the Galilee: (1) strike-slip faults oriented
northwest-southeast and northeast-southwest
(Freund, 1970; Ron et al., 1984). Most of
these faults have no topographic expression
and were probably active before 4 Ma (Ron
et al., 1984). (2) East-west—oriented normal
faults that form most of the morphotectonic
features in the Galilee. A broad structural
arch, bounded between the Mediterranean and
the Dead Sea Rift, formed during the Pleis-
tocene and caused the establishment of the
main regional water divide (Matmon et al.,
1999a).

The mountainous area of the Galilee is
composed mainly of Cenomanian and Turon-
ian limestone and dolomite (Picard and Go-
lani, 1965). A Lower Cretaceous sequence of
marls, sandstone, and limestone is exposed at
the base of several escarpments (Eliezri, 1965;
Golani, 1957). Senonian and Eocene chalk
and limestone are exposed along the margins
of the mountains (Shlein, 1961; Kafri, 1972).
Because of the carbonate lithology, dissolu-
tion is the dominant erosional process. De-
position of clastic material in the basins is mi-
nor, because most of the eroded material is
transported in solution through the karst sys-
tem. Therefore, the development of slopes is
not influenced by deposition in the basins. In
the Galilee, the basins contain clay soils that
do not exceed several meters in thickness.
Generally, the basins are not well drained and
there is no evidence of a deposition and reex-
cavation history of the drainage system.

The present-day drainage network is com-
posed of short channels (<30 km) that are
limited in their erosion potential and rarely
undergo any flow. The formation of this drain-
age system was controlled by the development
of the Dead Sea Rift Valley as a morphologic
feature that cut the Mediterranean watershed
from its eastern drainage area ca. 8 Ma (Shal-
iv, 1991), the development of the east-west
Basin and Range structure in the Lower Gal-
ilee, and the late Pliocene and Pleistocene
arching of the Galilee (Picard, 1943; Matmon
et al., 1999a).

Mount Tur’an—The Only Well-Dated
Escarpment

The tectonic and erosional history of Mount
Tur’an is the key to understanding the mor-
phometric parameters used in this study and
the implications of the morphometric analysis
on the late Cenozoic tectonic history of the
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between topography and vertical displacement ranges between 0 and 1.

Galilee. The Tur’an block is located in the
Lower Galilee (2 in Fig. 1). The total strati-
graphic displacement along the Tur’an fault
system is 625 m (Freund, 1970). The escarp-
ment is 300 m high. A basalt flow of the Cov-
er Basalt Formation (Schulman, 1962), 4.23 +
0.23 Ma (Heimann et al., 1996), is displaced
by 300 m (Fig. 2; Golani, 1957). Outcrops of
this volcanic formation are located at the base
of the Tur’an block and on top of it (Fig. 2).
Field relations in Mount Tur’an as well as in
other exposures of the Cover Basalt in the
Galilee indicate that the basalt spilled over a
gentle landscape and that its thickness in the
mountainous part of the Galilee did not ex-
ceed several tens of meters (Heimann, 1990;
Shaliv, 1991; Heimann et al., 1996).

METHODOLOGY

To describe the morphology of the Galilee
escarpments we use two parameters: the L val-
ue, the ratio between the height of the escarp-
ment and the total stratigraphic displacement,
which provides information regarding dis-
placement stages, and the relationship be-
tween tectonic and erosion rates and the de-

gree of concavity of undated tectonic slopes.
These slopes are then compared to the con-
cavity of the slope of Mount Tur’an, which
provides the time constraint on the age of
topography.

The L Value—Definition, Data Sources,
and Errors

The L value is defined as the ratio between
the relief (k) of an escarpment (i.e., the to-
pographic difference between the base and the
top of the escarpment) and the total vertical
stratigraphic displacement (s) (Fig. 3). L val-
ues can range between 0 and 1. Low L values
indicate that most of the topographic expres-
sion of the vertical tectonic activity has been
erased by a combination of erosion of the up-
lifted block and deposition of material on the
down-faulted block. Alternatively, such values
characterize faults with low displacement rates
that did not exceed denudation rates, and
therefore had very little or no topographic ex-
pression. High L values indicate that most of
the vertical uplift is expressed as relief, indi-
cating that the rate of vertical uplift along the
fault exceeded denudation rates. Intermediate

L values indicate that a portion of the total
uplift was eroded. However, the L value does
not give any indication of the timing of ero-
sion, i.e., whether it occurred after total strati-
graphic displacement was achieved or some
time during uplift.

Topographic data were obtained from digi-
tal terrain modeling of Israel (Hall, 1993).
Stratigraphic data were compiled from struc-
tural maps of the Galilee, which are based on
the datum of the top of the Judea Group
(Saltzman, 1964; Eliezri, 1965; Glikson,
1965; Bein, 1967; Kafri, 1972; Levy, 1983;
Cohen, 1988). Because the structural contour
interval on these maps is 50 m and we con-
sider only major escarpments (scale of hun-
dreds of meters), the analysis accounts for
large tectonic blocks and regional erosion.
These two data sets were combined with a
geographical information system (GIS) pro-
cedure to calculate L values at several points
along each escarpment in the study area. The
results are separated into three groups indi-
cating low (0-0.25), intermediate (0.25-0.75),
and high (=0.75) values. Values higher than
1 were obtained in a few cases along low-
relief escarpments (<100 m). These values re-
sult from inaccuracy in the determination of
the structural elevation. Therefore, low-relief
escarpments were not analyzed further. L val-
ues between 1 and 1.1 are considered in the
high group values. L values above 1.1 were
rejected.

A standard error function is used to calcu-
late errors in L (AL):

aL =82 2 M

2

A -

where s is the total stratigraphic displacement
and 4 is the elevation difference between the
top and the base of the escarpment. We as-
sume that the error (AL) arises from contour-
line interpolation in topographic and structural
maps and depends on the contour interval of
the maps. Therefore, Ah = 10 and As = 50.
The value of AL increases with decreasing to-
tal amount of displacement and decreases with
decreasing relief. Therefore, the lowest AL
values are in cases of large stratigraphic dis-
placement and low L values. Generally, along
escarpments with a total displacement of more
than 200 m, AL causes small changes in L
values (Data Repository Table DR1'). Most of

'GSA Data Repository item 2000113, estimation
of AL, is available on the Web at http://
www.geosociety.org/pubs/ft2000.htm. Requests
may also be sent to Documents Secretary, GSA,
PO. Box 9140, Boulder, CO 8030!; e-mail:
editing@geosociety.org.
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block.

the analyzed escarpments include displace-
ments of >200 m so the tectonic implication
deduced from their corresponding L values
does not change.

Shape of Escarpments—Construction,
Comparison, and Reference Shape

Topographic profiles were constructed on
each escarpment along lines perpendicular to
the strike of the fault that formed the escarp-
ment. The profiles were constructed along in-
terfluves to avoid the influence of channel ero-
sion. All profiles were normalized so that
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maximum and minimum heights equaled 1
and 0, respectively, and the length of the pro-
file ranged from O to 1 (Fig. 4). This normal-
ization enabled comparison of the shapes of
the different profiles regardless of their actual
length or height. In the Galilee, normalization
of the topographic profiles does not obscure
morphologic information because the different
escarpments are generally of the same size
(300-500 m high), and the upper part of the
escarpments erodes slowly and is relatively
stable (as is shown later for Mount Tur’an).
The comparison of different tectonic slopes is
restricted to those that are composed of hard

carbonate rocks (limestone and/or dolomite)
of the Cenomanian and Turonian Judea Group,
and not affected by axial streams at their base.

To establish the reference slope we used the
Mount Tur’an topography. Of 15 topographic
cross sections of the Tur’an block that were
constructed (Figs. S and 6), 14 exhibited good
similarity (Fig. 6). These slope profiles were
normalized and used to calculate a reference
envelope (Fig. 7), which allows for natural
variation of the slope’s shape due to factors
such as lithology, escarpment aspect, relation
of dip direction to the aspect, and random var-
iation of shape. In places where the escarp-

Geological Society of America Bulletin, December 2000
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Figure 6. The Tur’an reference profiles with plots of 15 topographic profiles across the
various escarpments of the Tur’an block. The profiles include all sides of the uplifted
block in order to accommodate natural variations in the shapes of the profiles that result
from minor variations in lithology, proximity to drainage channels, and face aspect. Of
the profiles, 14 are similar and were used to determine the Tur’an reference envelope
(Fig. 7). All profiles were normalized to enable comparison with profiles of different
heights and lengths.
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ment is constructed of a single fault, the pro-
files include the entire escarpment; in places
where the escarpment is composed of several
parallel faults, the cross sections include in-
dividual faults and the specific escarpments
formed by them (Fig. 5). All the constructed
escarpment profiles in the Galilee were com-
pared to the Tur’an reference envelope. The
basic assumption was that profiles that are
more concave, fall within, or are more convex
than the Tur’an reference envelope indicate
older, same age, and younger escarpments,
respectively.

Methodological Assumptions

The present morphometric analysis for
landscape evolution is based on several as-
sumptions explained in the following.

The recent topography of the Galilee has
been shaped by late Miocene—Pliocene exten-
sional deformation of a low-relief Oligocene—
Miocene erosional surface (Garfunkel, 1988).
Throughout its history, the entire area has un-
dergone similar climatic conditions, climatic
variations, and variations in base level. It is
composed of similar lithologies, soil cover,
and vegetation. Therefore, variations in the
shape of the slope are time dependent.

With respect to slope shape, it is assumed
that with time, the development of fault-con-
trolled slopes is generally from convex to con-
cave (e.g., Davis, 1899; Simons, 1962; King,
1957; Ahnert, 1966, 1973a, 1973b). As long
as the rate of uplift is higher than the rate of
erosion, the tectonic slope maintains its con-
vex shape. When the rate of tectonic uplift
declines, the slope gradually becomes concave
(Wallace, 1987). Therefore, in a morphotec-
tonic setting that is controlled mainly by time,
the degree of concavity is directly related to
the age of the escarpment and to the length of
time of relative slow uplift rates or tectonic
quiescence (Mayer, 1986). The Nahef escarp-
ment (1 in Fig. 1) is a good example of this
assumption. It has been developing since the
middle or late Pleistocene until recently (Gran
et al., 1999). The shape of the tectonic slope
of the Nahef escarpment, which has a well-
preserved fault scarp at its base, is convex
(Fig. 8). The concave shapes of older nearby
escarpments that lack fresh fault scarps (e.g.,
Shazor, Fig. 4) indicate that tectonic slopes in
the Galilee evolve from a convex to a concave
shape.

We also assume that erosion rates are rela-
tively low on top of the topographic elements
that constitute a local drainage divide and rise
high above their surroundings. Horsts and tilt-
ed blocks are an example of such topographic
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elements. In other rock types, lowering these
drainage divides requires temporal scales
much longer than several million years (Bier-
man and Turner, 1995; Bierman et al., 1995;
Matmon et al.,, 1999b). In carbonate terrain,
denudation by carbonate dissolution is esti-
mated to be 30—40 m/m.y. in regions where
precipitation is 600-800 mm/yr (e.g., Jen-
nings, 1971; Atkinson and Smith, 1978;
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Trudgill, 1985; Dreybrodt, 1988; Bloom,
1991). This range of denudation rates agrees
with the rate of denudation of 29 m/m.y. cal-
culated from measured concentrations of 3¢Cl
in limestone along the Zurim escarpment
(Gran et al., 1999). Denudation rates calculat-
ed by Yaalon (1959) and Gerson (1974) based
on Corbel’s equation range between 10 and 20
m/m.y., and Ritter et al. (1995) provided a de-

nudation rate of 20 m/m.y. for the eastern
Mediterranean region. Begin and Zilberman
(1997) estimated a mean denudation rate of 20
m/m.y. since the Miocene. These denudation
rates and the ages of the morphotectonic struc-
tures based on the profile comparison exclude
the possibility that first the entire displacement
of the tectonic blocks took place and only then
was their topography lowered by denudation
to their current position.

RESULTS
L Values

The L values were calculated along most of
the normal faults expressed by escarpments
throughout the Galilee (Table DR2; see foot-
note 1). This selection leaves out most of the
Galilee faults because they have no topo-
graphic expression (L value = 0) (Fig. 9), in-
dicating that they were not active after the for-
mation of the regional Oligocene—Miocene
erosional surface (Garfunkel, 1988).

L values range between 0.18 and 1.13 (Fig.
10). Low L values, which indicate a long pe-
riod of slow activity, generally characterize
some of the large escarpments, such as that of
Rosh-Hanigra (4 in Fig. 1). These escarpments
contain morphologic elements such as hang-
ing valleys and fresh bedrock fault scarps that
indicate Quaternary offset. The L values (n =
61) show a bimodal distribution indicating
two groups of faults: the first group at 0.4-0.5
and the second group at 0.8 and higher (Fig.
11).

Slope Comparison

The escarpments that were compared with
the Tur’an reference envelope are shown in
Figure 1. They are divided into three groups:
(1) those having more concave profiles, (2)
those within the reference envelope, and (3)
those that are more convex than the Tur’an
reference envelope (Table 1; Fig. 12).

Most of the Galilee escarpments have slope
profiles that are within the Tur’an reference
envelope. The Zurim escarpment (which in-
cludes Mounts Haluz, Lavon, and Shazor, Fig.
1) and Meiron escarpment (14 in Fig. 1) are
the bounding escarpments of the Upper Gali-
lee and present profiles, which are more con-
cave than the Tur’an reference envelope. Other
escarpments, such as the Esh’har (16 in Fig.
1), Rosh-Hanigra (4 in Fig. 1), the southern
part of the Peqi’in fault, and western Gilboa
escarpments have concave profiles that are
significantly different from the Tur’an refer-
ence envelope. The eastern part of the Mount

Geological Society of America Bulletin, December 2000
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Figure 9. Fault map of the Galilee. The faults indicated with a thick line have topographic
expression. Most of the faults in the Galilee have no topographic expression, indicating a
lack of activity after the Oligocene to Miocene denudation period.

TABLE 1. RESULTS OF SLOPE PROFILE COMPARISON

Name of escarpment (location in Fig. 1)

Result of comparison with Tur'an reference envelope

West Mount Zonem (13), Tuval (western part of the
Zurim escarpment), Kisra (25), Peqi'in (24), Mount
Gilon (15), Mount Kamon (5), Qoranit (6), Mount
Sha’abi (18), Mount Azmon (20), Nazerat (21), Gi-
vat Hamoreh (23), Mount Tabor (22), eastern
Gilboa

Mount Haluz, Mount Lavon and Mount Shazor
(which are part of the Zurim escarpment), Esh’har
(16), Rosh-Hanigra (4), Meiron (14), southern part
of the Pegiin fault and western Gilboa
escarpments

East Mount Zonem (13)

Within the Tur'an reference envelope

More concave than the Tur'an reference envelope

More convex than the Tur'an reference envelope

Geological Society of America Bulletin, December 2000

Zonem (13 in Fig. 1) escarpment has a convex
profile, which significantly differs from the
Tur’an reference envelope.

A comparison between profiles indicates
that generally, all profiles on each individual
block-bounding fault are similar (Fig. 4). In
some cases, there are systematic variations in
the slope profiles along fault lines that can be
correlated to segmentation deduced from L
values (e.g., the Mount Zonem [13 in Fig. 1]
and Gilon [15 in Fig. 1] escarpments).

Testing Slope Comparisons

We were able to test the validity of the re-
sults of the slope comparison procedure at two
sites.

1. The western part of the Mimlah escarp-
ment (3 in Fig. 1) is composed of Cenoman-
ian—Turonian limestone and dolomite (Saltz-
man, 1964) capped by basalt of the Cover
Basalt Formation. The same basalt is exposed
at the base of the escarpment (on the down-
faulted block), indicating vertical displace-

" ment after ca. 4 Ma. The height of the escarp-

ment and the amount of displacement of the
Cover Basalt are ~100 m. Seven slope pro-
files constructed along the Mimlah escarpment
were compared with the Tur’an reference en-
velope (Fig. 13A). Six of the profiles fit within
the Tur’an reference envelope and the Mim-
lah—4 profile was slightly more convex. Thus,
aside from this exception, the Mimlah escarp-
ment profiles fit into the Tur’an reference en-
velope, which is the expected behavior of es-
carpments of the same age (ca. 4 Ma) and
similar lithology.

2. The Gilboa escarpment (Fig. 1) rises
300-400 m above the Harod Valley. It dis-
places a ca. 6 Ma basalt flow by ~350 m
(Shaliv, 1991). The good preservation of the
basalt on the top of the uplifted block suggests
that the escarpment formed a short time after
the basalt flowed, securing it from rapid ero-
sion. Therefore, the Gilboa escarpment is
probably older or similar in age to the Tur’an
escarpment, but definitely not younger. The
Gilboa escarpment exhibits slope profiles sig-
nificantly more concave than the Tur’an ref-
erence envelope (Fig. 13B), indicating that it
is older than the Tur’an escarpment. This
agrees with the conclusion of Shaliv et al.
(1991) regarding the age of the Gilboa escarp-
ment. These two case studies are the only oth-
er available slopes with independent infor-
mation on the timing of their formation in the
Galilee. They demonstrate that the methodol-
ogy outlined earlier correctly predicts their
age relative to the age of the Tur’an
escarpment.
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DISCUSSION cantly more concave than the Tur’an reference  evolution depends on fluvial processes as well
envelope (Fig. 13D). These examples indicate  as time. Fluvial activity accelerates the devel-
Effect of Lithology that the influence of lithologic variation de- opment of the slope by carrying material away

Lithology affects the rate at which slopes
develop. Slopes of similar age that are com-
posed of different stratigraphic units within
the Judea Group, as in the case of Mount
Tur’an, have similar slope profiles (Fig. 6), in-
dicating that lithologic variations within the
Judea Group are not great enough to have a
significant influence on the rate of slope de-
velopment. Therefore, slopes composed of
similar lithology but having different profiles
are probably of different ages, as in the Shazor
escarpment (Fig. 13C). Conversely, slopes
composed of stratigraphic formations not of
the Judea Group have different slope profiles
even if they are of similar age. For example,
the tectonic escarpment of Ha’on (7 in Fig. 1)
displaces the Cover Basalt, thus its age is sim-
ilar to or younger than the Tur’an escarpment.
Nevertheless, the Ha’on slope, which is com-
posed of Neogene continental sediments and
volcanic rocks, has a profile that is signifi-
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pends on the degree of similarity of the rock
units composing the escarpment. The differ-
ences in properties between similar rock types,
such as the hard limestone and dolomite of the
Judea Group, do not have much influence on
the rate at which slopes develop. The differ-
ences between limestone and/or dolomite and
chalk or continental sediments cause a signif-
icant variation in the rate of slope develop-
ment. Therefore, tectonic slopes that are not
built of a Judea Group sequence (such as the
escarpments in the eastern Lower Galilee)
were not compared with the Tur’an reference
envelope.

Importance of Incision

Stream incision along the base of tectonic
escarpments can have a significant influence
on slope development. In such cases, which
can be observed at the Mount Kamon and
Qoranit escarpments (5 and 6 in Fig. 1), slope

from it and causes it to be more concave than
an identical slope that is not influenced by flu-
vial activity at its base. The summit of Mount
Kamon (5 in Fig. 1) is situated at the southeast
corner of the Kamon ridge and rises above
both the southern and eastern escarpments.
Even though the stratigraphy and the age of
the southern and eastern slopes below the
summit are identical (Golani, 1957), the east-
ern escarpment is mostly concave whereas the
southern is convex (Fig. 13E). This reflects
the incision of Nahal Zalmon (9 in Fig. 1)
along the eastern escarpment. Similarly, Nahal
Segev (10 in Fig. 1) is incised along the base
of the Qoranit escarpment (6 in Fig. 1). In
some places, it is incised directly along the
fault line. In other places, it meanders away
from the escarpment into the down-faulted
block. Even though the stratigraphy and age
along the escarpment remain constant (Kafri,
1965), the slope profile of the segment incised
by Nahal Segev differs from that of the seg-
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Figure 11. Occurrence (N) of L value as a function of L value. The distribution of L values indicates that the normal faults of the Galilee
are divided into two groups that differ in the length of time they were active under truncation conditions and the time that topography

was formed.

ment where the river does not abut the es-
carpment (Fig. 13F). In both cases, it is evi-
dent that the presence of incising axial streams
leads to the development of more concave
slopes. Therefore, slope profiles of the escarp-
ments that are incised at their base by axial
streams were not compared to the Tur’an ref-
erence envelope.

Implication of the History of Mount
Tur’an on the Tectonics of the Galilee

The L value of Mount Tur’an is ~0.5. The
difference of more than 300 m between the
total vertical displacement and the vertical dis-
placement of the Cover Basalt, which is iden-
tical to the relief of Mount Tur’an, indicates
that about half of the motion took place prior
to the basalt flow dated as 4.23 Ma. The Cover
Basalt spilled over a gentle landscape that did
not express the prebasalt displacement. A
postbasalt stage of displacement deformed the
basalt flow and formed the present relief of
Mount Tur’an.

The field evidence from Mount Tur’an in-
dicates that the normal faults bounding the
Tur’an block were active in two temporal stag-
es: an early stage that is not expressed by to-
pography and a younger stage that formed
substantial topography. These stages were
separated by the extrusion of the Cover Basalt.

It is not clear whether the early stage that oc-
curred prior to 4.23 Ma formed relief of ~300
m, which was eroded before the Cover Basalt
spilled, or whether it did not form relief be-
cause rates of uplift did not exceed rates of
denudation at that time. The latter alternative
is supported by the regional change of stress
fields between the Miocene and the Pliocene
(Ron et al., 1984).

During the earlier period of tectonic activ-
ity, most of the motion along the faults in the
Galilee was lateral, with a small vertical com-
ponent (Ron et al., 1984); thus, its topographic
expression was easily eroded. However, in
some cases L values indicate large amounts of
vertical displacement during this phase. The
large vertical displacement may reflect the
long period during which the faults were ac-
tive. The latter period of activity was charac-
terized mainly by normal displacement that
formed topography faster than erosion pro-
cesses could obliterate it. This period of tec-
tonic activity was shorter than the first, and
might have been accompanied by minor lat-
eral movement. The change in the character of
the motion was also accompanied by, although
not necessarily related to, the collapse of the
large drainage network that was active in the
region, the formation of the present drainage
network, and the dramatic decline of erosional

potential of the drainage system (Matmon et
al., 1999a).

Shortly after the Cover Basalt event, tecton-
ic rates must have increased. Otherwise, the
Cover Basalt would have been eroded away,
as were the 300 m of former vertical displace-
ment. The basalt was preserved because it was
uplifted, and situated on the local water divide
where erosion rates decreased. The stability of
the upper surface of Mount Tur’an, which is
manifested by the preservation of the Cover
Basalt Formation on the top of the uplifted
block (Figs. 2), the development of thick cal-
crete coatings around the basalt outcrop, and
the preservation of the Pliocene stream mor-
phology in which the basalt flowed, indicates
that elevated morphotectonic features were not
subjected to intensive erosion during Plio-
cene—Pleistocene time. Therefore, in such a
time interval, ranges that are at least 200 m
higher than their surroundings are not sub-
stantially lowered by erosion.

The tectonic and erosional history of Mount
Tur’an serves as an example of the development
of other escarpments in the Galilee because it is
reasonable to assume that the tectonic develop-
ment of other blocks in the region is similar. The
eroded portions of the uplifted sequences along
the Galilee escarpments were stripped away dur-
ing a time of slow uplift rates or during a long
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Figure 12. Fault map of the Galilee dividing the relief-forming faults into three age groups
relative to the age of the Tur’an block. The relative age is determined by comparing the
degree of concavity among the slopes of the different escarpments.

period of tectonic quiescence. Topographic ex-
pression was formed when tectonic uplift ex-
ceeded the rates of erosional processes. At that
point, alluvial activity on top of the escarpments
decreased, as they became local water divides.
This implies that the L value reflects the tectonic
history of the vertical displacement along a fault.

Accurate L value calculations are made pos-
sible by the widespread occurrence of Meso-
zoic marine sediments that maintain their
thickness throughout the Galilee. This enables
comparisons between the amount of tectonic
displacement and its morphologic expression.
The time of topography formation, which is
not given by the L value, is determined by a
comparison of slope profiles. A comparison of
the degree of concavity between the Tur’an
block and other escarpments provides the nec-
essary time constraint for the transfer between
the first and second stage of uplift because the
age of the morphologic expression of the
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Tur’an block is defined by the age of a basalt
flow of the Cover Basalt Formation.

CONCLUSIONS

Calculation of the L value along tectonic
slopes in the Galilee leads to several principal
conclusions: L values vary systematically
along specific fault lines. This variation indi-
cates the division of the faults into segments,
which have different tectonic histories. Some
escarpments, such as that of Rosh-Haniqra (4
in Fig. 1), developed along fault systems that
had been active from the onset of extensional
deformation in the Galilee in the Miocene
(Freund, 1970; Ron et al., 1984) until the late
Pleistocene. The long duration of activity is
indicated both by the low L values and by
morphologic elements such as fresh bedrock
fault scarps, indicating late Pleistocene and
Holocene activity (Gran et al., 1999).

Most of the escarpments in the Galilee have
intermediate L values (0.4-0.5), similar to that
of Mount Tur’an. These values indicate that
most of the faults in the Galilee were active
during the Miocene and early Pliocene at rates
compatible to denudation and did not form to-
pography at least until the middle to late Pli-
ocene. The similarity of these escarpment
slope profiles to the Tur’an reference envelope
suggests that topography was formed after 4
Ma. Tectonic activity along these faults was
again significantly reduced after forming the
recent topography during the early Pleistocene
(Matmon et al., 1999a).

The bimodal distribution of the L values (L
= 04-0.5 and L = 0.8-1) indicates two
groups of faults: one characterized by two pe-
riods of vertical displacement that were sep-
arated by the development of low-relief land-
scape, and a second characterized by one
period of vertical displacement that formed
the recent topography. A comparison of slope
profiles shows that the two groups differ in
the time they formed topography as well as in
the length of time that they were active with-
out forming topography.

Combining the L value calculation and the
slope shape analysis for the Galilee escarp-
ments leads to several conclusions:

1. The main escarpments in the Lower Gal-
ilee have slope profiles similar to the Tur’an
escarpment and therefore are of similar age,
ca. 4 Ma. The main and bounding escarpments
of the Upper Galilee (the Zurim and Meiron
escarpments) are more concave than the
Tur’an reference envelope and therefore are
older than the Tur’an escarpment. The Zurim
and Meiron escarpments developed earlier
than those in the Lower Galilee and were mor-
phologic features at the time that the Cover
Basalt flowed over a relatively flat Galilee.
This conclusion agrees with the existence of
a thick Neogene sequence in the eastern Low-
er Galilee (Shaliv, 1991) and the absence of
any Neogene or Pleistocene sediments in the
Upper Galilee.

2. The escarpments have a wide range of L
index values. This indicates that there is no
correlation between the length of time that a
fault was active at slow uplift rates and sub-
jected to continuous truncation, and the time
of increased tectonic activity and formation of
substantial topography.

3. Most of the faults in the Galilee were not
active after the formation of the main erosion
surface and are not expressed by topography.

4. Morphometric analysis of tectonic slopes
in an erosional landscape is a valid method
for understanding the tectonics of a region
where there is no accumulation of sediments.
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parison between the Tur’an reference envelope and the Ha’on escarpment profile. (E) Comparison between the slope of the southern
escarpment of the Kamon block and the slope of the eastern escarpment of the Kamon block where Nahal Zalmon is incised at the
base. Dashed line—eastern escarpment with incising stream; solid line—southern escarpment without incising stream. (F) Comparison
between two parts of the Qoranit escarpment, demonstrating the influence of stream incision at the base of the escarpment on the shape
of the slope. Dashed line—Qoranit-3 profile with incising stream; solid line—Qoranit-2 profile without incising stream.
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Abstract

The arching of the Galilee, northern Israel, is associated with sediment loading in the Dead Sea Transform and Rift.
During the Pleistocene, the arching caused the formation of the main North—South water divide in the region and the
reversal of stream flow direction. A reconstruction of a main paleochannel which drained large areas in the eastern Galilee to
the Mediterranean enabled the determination of age and amplitude of the arching. This reconstruction is based on
topographic analysis of thirteen sites containing fluvial remnants in the Beit-Hakerem Valley. We demonstrate that the
widespread normal faulting cannot explain the present-day drainage pattern. Dating of basalt clasts from ancient alluvial
remnants along the Beit-Hakerem Valley provides a maximum age limit of 1.8 Ma to the paleochannel. The Pleistocene
tectonism arched the Galilee by 200 m over a wavelength of 40—-60 km. A comparison between arched and unarched
segments of the rift’s margins indicates that fluvial and slope processes on the rift escarpment cannot explain the location
and shape of the main water divide. In the Galilee, tectonism is the only factor that controls the formation, location and
shape of the main water divide. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: northern Israel; drainage system; arching; rift-margin; Pleistocene

1. Introduction

Active tectonism influence alluvial rivers through
changes in valley floor slope (Schumm, 1977, 1986)
by either subsidence or uplift and by direct faulting
on all temporal scales (e.g., Wallace, 1967; Stevens,
1974). The change in slope causes changes in stream
pattern and aggradation and/or incision of the

* Corresponding author. Fax: +972-2-5380688; E-mail:
matmon @techunix.technion.ac.il

stream. When stream incision occurs more slowly
than uplift, a disruption of the drainage pattern will
follow (Sparling, 1967; Twidale, 1971; Ollier, 1981;
Harvey and Wells, 1987; Burbank et al., 1996; Gupta,
1997). The effect of direct displacement (vertical or
lateral) by faulting can be very dramatic, immedi-
ately affecting the fluvial system (e.g., Keller, 1986;
Rockwell et al., 1988; Spitz and Schumm, 1997).
Slower, perhaps aseismic deformation is more diffi-
cult to detect. However, long-term activity will result
in the accumulation of both recognizable tectonic
structures and deformation of the fluvial system (e.g.,

0169-555X /99 /% - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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Gerson et al., 1984; Markewich, 1984; Ouchi, 1985;
Merritts and Vincent, 1989; Chorowicz and Fabre,
1997; Spitz and Schumm, 1997).

In Israel, fluvial systems have been largely modi-
fied by recent tectonics (e.g., Bentor and Vroman,
1951; Garfunkel and Horovitz, 1966; Freund et al.,
1968; Kafri and Heimann, 1994; Ginat et al., 1998)
and the drainage pattern has adjusted to the develop-
ment of different morphotectonic features. The pre-
sent topography in Israel includes two main drainage
basins separated by a N—S oriented drainage divide
(Fig. 1a). This divide follows the mountainous back-
bone that is subparallel to the Dead Sea Transform
and Rift (DSTR) valley. The western drainage basin
drains into the Mediterranean while the eastern one
drains into the DSTR valley. The distance between
the water divide and the DSTR valley varies from
2-3 km in northern Israel to tens of kilometers in the
south. Prior to the formation of the DSTR valley, the
region drained only towards the west into the
Mediterranean (e.g., Garfunkel, 1981; Garfunkel and
Ben-Avraham, 1996; Kafri, 1997). Previous studies
discussed the idea of drainage reversal in northern
Israel (e.g., Golani, 1957; Kafri and Heimann, 1994;
Kafri, 1997), but the timing and the connection
between fluvial changes and Quaternary tectonics are
not clear. The area is located at the margins of the
DSTR; thus drainage development was affected both
by the large-scale tectonics and by local inner Galilee
faulting (Fig. 1b).

In this study, we reconstruct the drainage system
development in northern Israel west of the DSTR
valley, and explain this development in relation to
tectonic activity that took place in the region during
the Quaternary. We reconstruct a pre-Quaternary
main drainage channel and its adjustments during
tectonic activity by using morphology, sedimentol-
ogy and age-dating. We then determine the total
deformation of the Galilee that accumulated over the
Pleistocene. Based on this reconstruction, we evalu-
ate the influence of tectonic activity on the drainage
system and propose a model to explain the modifica-
tion of the drainage pattern in the area. Since the
DSTR valley has been continuously active since the
Miocene and there is basic knowledge concerning
the variations in this activity (type of motion, rates,
segmentation, etc.,) the relationship between rift de-
velopment and modification of adjacent drainage

systems can be well understood and the proposed
model can be applicable to margins of other rift and
transform valleys.

2. Study area

The Galilee can be subdivided into four main
parts (Fig. 1b): Upper Galilee, Lower Galilee, DSTR
valley in the east and the coastal plain in the west.
The western and eastern parts of the Galilee are not
described. The Lower Galilee consists of a series of
east—west oriented tectonic blocks bounded by nor-
mal faults (Freund, 1970) and separated from each
other by elongated valleys. The average altitude of
the ridge crests is 500 m a.s.l. The Upper Galilee is
located north of the Beit-Hakerem Valley, the north-
ernmost, East-West Valley of the Lower Galilee. In
the Upper Galilee the highest summit reaches 1200
m a.s.l.

35°

— Main drainage divide
main drainage

Jordan Rive

Fig. 1. (a) Location map. The distance of the main water divide
from the DSRT varies between 20 to 30 km except in the
northernmost part of the Galilee where it is on the rim of the rift.
Study area presented in (b) is outlined. (b) Generalized map of the
Galilee. DSTR = Dead Sea Transform and Rift; C.B.= cover
basalt, a volcanic formation of Pliocene age covering large areas
in the eastern Galilee and the Golan Heights. (c) A detailed map
of the study area. C.B. = cover basalt.
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The Upper and Lower Galilee are crossed by two
systems of faults trending North-West and North-East
which have sinistral and dextral displacements re-
spectively (Ron et al., 1984). Some of these faults
curve to become east—west normal faults (Ron et al.,
1984). In both the Upper and Lower Galilee, there is
evidence for folds that developed during the late
Mesozoic (Flexer et al., 1970), although this defor-
mation does not contribute to the current morphol-
ogy of the area.

The Beit-Hakerem Valley divides the Lower and
Upper Galilee (Fig. 1c). This valley, presently lo-
cated at 200-350 m as.l., is about 20 km long and
up to 2 km wide. To the north, it is bounded by the
tectonic Zurim Escarpment (Fig. 1c) which rises up
to 700 m above the valley floor. This escarpment
consists of a series of en-echlon arranged normal
faults. The southern side of the valley is composed
of four blocks (Hazon in the east, Camon and Esh’har
in the center and Gilon in the west) which rise up to
350 m above the valley floor (Fig. 1c).

At present, the valley is drained by three trans-
verse streams: Nahal Zalmon in the east, Nahal
Shazor in the center and Nahal Shagor in the west
(Fig. 1c). All the streams have their headwaters in

the Upper Galilee and flow southward to the Beit-
Hakerem Valley. Each flow several kilometers west-
ward in the valley, then curve south and cross the
southern ridges that border the valley. South of these
ridges these streams drain either into the DSTR
valley (Nahal Zalmon) or into the Mediterranean
(Nahal Shagor and Nahal Shazor) through Nahal
Hilazon (Fig. 1c). Surprisingly, the divides between
the streams within the Beit-Hakerem Valley are very
low and rise only up to 50 m above the stream beds
(Fig. 2). In contrast, the southern ridges crossed by
the streams reach 350 m above the valley.

The Beit-Hakerem Valley is crossed by three
NW-SE trending faults (Fig. 2): The eastern one is
the Peqi’in fault (Fig. 1c); the central one (Nahef
fault) and the western one (Ahihud fault) (Fig. 2) are
the eastern tails of two of the Zurim Escarpment
segments. The stratigraphic sequence exposed along
the margins of the Beit-Hakerem Valley includes
Lower Cretaceous sandstones and marls (Kurnob
Group), the Upper Cretaceous limestone and
Dolomite (Judea Group) and some small outcrops of
Senonian chert and chalk (Mt. Scopus Group). Most
of the Beit-Hakerem Valley is covered by Pleis-
tocene to Holocene silty clay deposits and vertisols.
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Fig. 2. Topographic cross section of Beit-Hakerem Valley.
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Since the climate of the area is semi-humid Mediter-
ranean (annual mean precipitation is 700-900
mm /year), and carbonate rocks are the main lithol-
ogy, intensive Kkarstification has obliterated much
evidence of past fluvial systems.

3. Methods

Topographical, geological and structural maps
were analyzed to detect remnants of ancient drainage
systems such as wide saddles, shoulders and flat hill
tops. Within each tectonic block, as defined by struc-
tural maps, the mentioned topographical features
were marked to determine whether they are grouped
into specific altitudes. Drainage systems that present
a misfit between their large dimensions and their
small catchments were marked. Field work was based
on the analyses of the maps. The sites which appear
to be remnants of ancient streams were surveyed for
direct evidence of fluvial deposits. The survey was
accompanied by archeologists as it included a search
for human artifacts. At sites where these deposits
were identified, we concentrated our efforts on ex-
otic gravels that have no source in the present-day

‘drainage basin. Exotic basalt gravel was dated by

K-Ar and chemically analyzed by XRF. The results
of the dating and the chemical analysis were com-
pared to the ages and chemical compositions of
basalts from different volcanic fields in the Galilee.
This comparison enabled us to trace the gravel units
to their source and form the temporal framework of
the ancient fluvial systems. The use of basalt pebbles
to reconstruct an ancient drainage system has been
used in earlier studies (McKee and McKee, 1972).
Based on these data the Plio-Pleistocene Beit-
Hakerem fluvial system was reconstructed and its
relation to tectonic activity was established.

4. Results and discussion

Topographic features indicative of ancient
drainage systems were identified mainly along the
southern margins of the Beit-Hakerem Valley. These
features are grouped into specific altitudes in each
tectonic block. On the eastern block these features
are concentrated at the altitude of 310 + 10 m a.s.l.

(except for the Rama saddle site which is at an
altitude of 350 m a.s.l.). On the central block they
are concentrated in two groups: one at 350 + 20 m
a.sl. and the other at 225+ 25 m as.l. On the
western block the topographic features are concen-
trated at an altitude of 220 +20 m asl. At the
western part of the study area, three valleys show a
large misfit between their large dimensions and their
present-day small catchments. These three valleys
begin at a wide saddle and have a low gradient and
straight longitudinal profile that are not typical of the
headwaters of other streams in the region. Another
striking feature, located south of the central part of -
the Beit-Hakerem Valley, is the highly developed
incised meander system into the hard limestones of
the Judea Group of Nahal Hilazon.

Ancient remnants of fluvial gravels were found
along the Beit-Hakerem Valley and its southern mar-
gins at 13 sites (Table 1 and Fig. 3). These sites are
located on the topographic features identified during
the map analysis. The sites are neither part of an
active drainage system nor obviously related to flu-
vial terraces of the present day streams. No human
artifacts were identified at these sites and the distri-
bution of the basalt clasts is not typical of human
sites (I. Shaked, 1997, personal communication).
Remnants were found only at sites that resulted from

Table 1
Description of gravel sites
Site no. and name Altitude Lithology
(m as.l.)
(1) Hananya Hills 320 B,Q,L,BC
(2) Quadarim Hill 300 B
(3) Hananya junction 300 B, RL, C, IOSS,
BC, YC
(4) Rama water divide 350 BC, B, Q
(5) Rama water divide 300 BC, B, OL
(6) Moran Hill 320 C, B, Q, IOSS
(7) Hoze Shoulder 320 B, C, IOSS, BC, Q
(8) Hazon Fan 190 B
(9) Mt. Camon Shoulder  370-340 B
(10) Nahef 260 B, RL, BC, YSS
(11) Meged Valley 220 B, C, SS,BC, Q
(12) Gilon Shoulder 240 B, IOSS, BC, Q
(13) Ahihud Hills 40-100 B, RL, C, I0SS, BC

B = basalt, Q = quartzolite, L = limestone, BC = bituminous
chalk, RL = red limestone, C = chert, 10SS = iron-oxidized sand-
stone, YC = yellow chalk, YSS = yellow sandstone, OL = oolite
limestone, SS = sandstone. See Fig. 3 for location of sites.
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the topographic analysis. The remnants include gravel
of different lithologies: limestone (Cenomanian and
Turonian), chalk and bituminous chalk (Senonian),
sandstone (Lower Cretaceous) and basalt (Middle
Pliocene and Lower Pleistocene) (Table 1). The
gravel clasts generally do not exceed 10 cm in
diameter. The area has been cultivated for hundreds
of years and therefore, the structure of the gravelly
deposits has been destroyed; ploughing exposed the
alluvial sediments as scattered clasts above the clay
soils that accumulated in these sites. In a few sites
where surface runoff incised the clay soils, the clasts
are exposed in definite beds.

Limestone and chalk formations are exposed in
the present drainage basins and thus, related gravels
do not bear any relevant paleogeographical informa-
tion. In contrast, exotic gravels of basalt, sandstone
and bituminous chalk help to put constraints on the
fluvial evolution of the Beit-Hakerem Valley.

4.1. Basalt gravel

Dating of basalt pebbles from 13 sites along the
Beit-Hakerem Valley and its margins yielded ages
ranging between 4.42 + 0.41-1.16 + 0.12 Ma (Table
2). Except for two sites, all ages are between 4.42—-1.7

Table 2
K—Ar dating of basalt pebbles
Location Coordinate Sample Measurement %K % “Ar  “°Ar(rad CC  Age Ermor Mean age
(Israel grid) no. no. (rad) STP/gx 107) (Ma) (Ma) (Ma)
Ahihud Hills, site 13 16795/25620 AMD-2 9503 1.1 5.1 0.815 1.9 0.12 1.72 £ 0.38
9584 5.7 0.724 1.69 0.1
9681 6.3 0.677 1.58 0.09
Meged Valley, site 11 17450/25700 AMD-3 9498 092 446 1.613 4.5 0.1 441 +0.34
9585 48.1 1.557 435 0.12
9674 52.3 1.569 438 0.1
Hoze Shoulder, site 7 18620/25780 AMD-5 9504 0.74 282 1.328 461 014 44241041
: 9603 33.1 1.196 4.15  0.09
9657 38.8 1.297 4.5 0.1
Hoze Shoulder, site 7 18620/25780 AMD-6 9497 0.83 13.0 1.249 3.87 0.12 3.66 +0.22
9605 154 1.117 346 0.16
9659 17.6 1.183 3.66 0.13
Hananya Hills, site 1 18970/25720 AMD-7 9518 0.63 253 1.131 4.61 0.14 455+0.34
9613 275 1.102 449 0.13
9668 27.0 1.045 426 0.13
Hananya Junction, 18800/25915 AMD-8 9502 0.76 135 0.825 279 0.1 2.54 +0.30
site 3
9607 48.0 0.65 22 0.05
9677 50.6 0.758 257  0.09
Hananya Hills, site 1 19000/25700 AMD-11 9517 1.36 4738 1.185 224  0.06 2.14 +0.10
9621 50.2 1.126 2.13 005
9650 49.6 1.085 205 0.05
Hananya Hills, site 1 19000/25700 AMD-12 8784 0.81 324 0.893 353 016 349 +0.16
9505 31.6 1.164 3.69 0.08
9614 51.2 1.056 335  0.07
9647 435 1.07 34 0.12
Hazon Fan, site 8 18550/25605 AMD-13 8786 0.62 4.6 0.898 1.7 0.13 1.53 £ 0.30
9519 3.7 0.447 1.85 0.17
9616 2.8 0.294 1.22  0.17
9652 33 0.33 1.37  0.13
Rama Saddle, site 4 18550/25950 AMD-14 8785 1.14 194 0.434 1.38 0.08 1.23 £ 0.14
9520 29.2 0.528 1.19 0.05
9623 32.7 0.474 1.07 0.05
9661 41.3 0.57 1.29 0.06
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Ma, indicating a source at the volcanic fields of the
Dalton Plateau, Nahal Amud, and Korazim Plateau
as well as other volcanic fields in the Lower Galilee
(Fig. 3, Table 3). The two youngest ages of approxi-
mately 1-1.4 Ma were not used in the paleodrainage
reconstruction and the tectonic implications, since
we do not have precise information on their possible
source.

At present, all these volcanic fields are drained
eastward to the DSTR valley and cannot contribute
to the alluvial material that the recent drainage sys-
tems transport to the Mediterranean Sea. The basalt
gravel that yielded ages between 3.5 and 4.5 Ma is
related to the Cover Basalt formation of Middle
Pliocene age which covers large areas in the eastern
Galilee and the Golan Heights. The age range of the
Cover Basalt formation is between 3.5 and 5.5 Ma
(Heimann et al., 1996). Since there is no way of
distinguishing among the different fields of the Cover
Basalt, we can only conclude that the basalt pebbles
were derived from the volcanic fields in the Eastern
Lower Galilee (Fig. 3). The basalt gravel that yielded
ages between 1.7 and 2.5 Ma corresponds to the late
Pliocene and early Pleistocene volcanic fields of
Nahal Amud and the Dalton Plateau (Fig. 3). The
age range of the late Pliocene and early Pleistocene

Basalt formations is between 1.7 and 2.5 Ma (Mor et
al., 1987; Kafri and Heimann, 1994). The chemical
analyses of basalt pebbles that yield ages between
1.7 and 2.5 Ma demonstrate that basalt pebbles of
identical age from the Dalton Plateau and Nahal
Amud can be distinguished by their different concen-
tration of chemical elements, mainly that of Sr (Y.
Wienshtein, personal communication, 1996; Table
4).

Basalt pebbles from the Rama Saddle and the
Hazon fan (sites 4 and 8 in Fig. 3) yielded ages of
about 1-1.4 Ma. Volcanic fields of such age are
known only from the Golan Heights and the northern
part of the Korazim Plateau (Heimann and Ron,
1993). Basalt pebbles in the Rama Saddle and Hazon
fan may have been derived from (a). basalt flows in

the Galilee that have yet to be identified and (b) a

fluvial connection between the Golan and the Galilee
that crossed the Korazim Plateau and transported
basalt pebbles. These two possibilities have yet to be
investigated and do not contradict the conclusions of
this study.

Since the basalt clasts of different ages were
identified as remnants of the same drainage system,
then the age of its most recent active period is given
by the youngest basalt clasts, in this case 1.7 Ma.

Table 3
Location of basalt gravel from the Beit-Hakerem Valley and possible sources
Site no. and name Mean age Possible source of gravel
(1) Hananya hills 2.14+0.10 PBLG and/or KP
349 +0.16 DPPB and/or
455+ 0.34 NAPB
(2) Quadarim hills XRF data DPPB
(3) Hananya junction 2.54 +0.30 DPPB and/or NAPB
(4) Rama water divide 123 +0.14 Unknown Source

(5) Minor saddle adjacent to the main Rama Saddle
(6) Moran Hills
(7) Hoze shoulder

(8) Hazon fan

(9) Lower slopes of Mt. Camon

(10) Bottom of Beit-Hakerem Valley, near Nahef
(11) Meged Valley

(12) Gilon shoulder

(13) Ahihud hills

not analyzed
not analyzed

442 1+ 041 PBLG and/or KP
3.66 + 0.22 PBLG and/or KP
1.53 £ 0.30 DPPB and/or NAPB
not analyzed

not analyzed

441 +0.34 PBLG and/or KP
not analyzed

1.72 £ 038 DPPB and/or NAPB

PBLG = Pliocene basalt lower Galilee, KPCB = Korazim Plateau cover basalt, DPPB = Dalton Plateau Pleistocene basalt, NAPB = Nahal

Amud Pleistocene basalt.

=)



T3

3 -3 3 -3 | 3 3 "3 2 3 2 3 3 i |
Table 4
Chemical analysis of basalt gravel from the Beit-Hakerem Valley
Sc v Cr Co Ni Cu Zn Ga Rb  Sr Y Zr Nb Ba Pb Th U Sampling location Sample Possible  Site

name source no.

18 213 164 39 140 36 129 214 31 1743 28 332 98 769 7 7.6 1.8 Amud volcanic field WY-420*
NA 211 18 42 154 20 137 232 15 1498 28 340 95 618 4.1 46 1.2 AlmaPlateau WY-309°
NA 202 187 40 165 28 134 23 17 1476 27 348 92 720 43 38 0.9 Dalton Plateau WY-387¢
19 216 207 39 164 32 138 226 16 1466 27 353 96 747 47 5 0.9 Qadarim AMC-1 DPPB 2
24 241 58 34 47 28 126 258 17 787 29 283 68 329 51 4 0.6 Rama Saddle AMC-2a  PBLG 4
23 219 271 47 114 36 108 21 11 636 25 163 31 246 22 28 0.2 Rama Saddle AMC-2b  PBLG 4
20 230 371 57 306 47 124 192 18 1021 21 240 63 821 34 35 09 HazonFan AMC-3 PBLG 8

*Typical XRF analysis of Nahal Amud Basalt.

bTypical XRF analysis of Alma Plateau Basalt (Alma Plateau and Dalton Plateau are parts of the same volcanic fields separated by normal faults).
Typical XRF analysis of Dalton Plateau Basalt. All concentrations are in ppm.

NA = not analyzed, DPPB = Dalton Plateau Pleistocene basalt, PBLG = Pliocene basalt Lower Galilee.
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This age indicates that at the beginning of the Pleis-
tocene, most of the eastern part of the Galilee drained
westward through a fluvial system that followed the
Beit-Hakerem Valley (Fig. 4). This fluvial system is
in contrast to the present-day main drainage divide
between the Mediterranean and the DSTR valley,
and the present fluvial systems that cross the Beit-
Hakerem Valley from north to south (Fig. 1c). Basalt
clasts that were found in the active drainage system
(in Nahal Zalmon) were dated to 1.8 and 3.8 Ma.
These clasts are located in the active system due to
reworking of the gravel from earlier alluvial de-
posits.

4.2. Bituminous chalk gravel

This gravel originated from Senonian rocks of the
Mt. Scopus Group, which are exposed along the
Zefat Mountain (Fig. 3). Outcrops of these rocks in
the western flank of the Galilee cannot be the source
of the chalk gravel, since they are situated down-
stream from the gravel sites in the Beit-Hakerem
Valley, as indicated by the sources of the basalt
pebbles. The Zefat Mountain that at present drains
eastward into the DSTR valley was part of the
catchment area of the Beit-Hakerem Valley (Fig. 4).
This conclusion supports the paleogeography recon-
struction based on the basalt pebbles.

4.3. Sandstone gravel

This gravel originated from Lower Cretaceous
rocks. Of all the Lower Cretaceous outcrops in the
area, only two sites located at the lower half of the
Zurim Escarpment (Fig. 3) expose sandstone (which
is at the bottom of the Lower Cretaceous sequence
(Eliezri, 1959). These two sites are the only nearby
possible sources of the sandstone gravel. The exis-
tence of sandstone gravel indicates that during the
early Pleistocene the lower part of the Lower Creta-
ceous sequence was already exposed and the eastern
and higher part of the Zurim Escarpment was almost
in its present form. Although there is evidence of
recent (late Pleistocene or even Holocene) tectonic
activity, presented as bedrock fault scarps ranging in
height between 2 to 12 m at the base of the escarp-
ment, this activity did not contribute much to the

total topography of the escarpment and did not affect
the active drainage system.

5. Pleistocene deformation within the Beit-
Hakerem valley

Normal faulting that took place in the Galilee
during the Pliocene and Pleistocene formed the main
morphotectonic features that control the topography
of the Galilee (Freund, 1970; Ron et al., 1984). The
reconstruction of the Late Pliocene and Pleistocene
Beit-Hakerem drainage system enables us to identify
some of the tectonic events that took place in the
area. Normal tectonic displacement can be observed
at different parts of the Beit-Hakerem Valley. Al-
though the normal activity formed the main morpho-
tectonic features, it did not dramatically influence the
main drainage system and the location of the main
drainage divide cannot be explained by this normal
displacement.

5.1. The eastern part

In the eastern part of the valley, four levels of
river beds can be recognized. The wide Rama Saddle
(sites 4, 5 of Fig. 3) is a remnant of the oldest and
highest level and represents the fluvial system that
flowed directly westward to the Mediterranean
through the Beit-Hakerem Valley. The continuation
of this fluvial channel is represented by sites 9 and
10 (Fig. 3). The second level is marked by a series of
morphological features including: wide saddles,
shoulders and flat hill tops (sites 1, 2, 3, 6, 7, Fig. 3)
at an altitude of 320 m a.s.l. These features were part
of a drainage system that also flowed westward to
the Mediterranean along the southern side of the
Camon ridge. These two levels are capped by gravel
that contains 1.8 Ma old basalt pebbles. Assuming
that a first order channel (flowing northward into the
Beit-Hakerem Valley) was already cut along the
Peqi’in Fault between Mt. Camon and Mt. Hoze
(Fig. 1¢), it can be concluded that only minor dis-
placement on the Pegi’in fault (about 30 m) and a
local tilt to the south (1-2%) were required to divert
the ‘ancient channel to the south of Mt. Camon. As a
result of this diversion, the oldest channel at the level
of the Rama Saddle was abandoned.
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The third level is part of a fluvial system that
drained the eastern part of the Beit-Hakerem Valley
towards the DSTR valley. This level is represented
by site 8 (Fig. 3) on the Hazon fan, developed at the
base of the Hazon ridge. The fourth level, which is
the recent active drainage system, is incised 10 to 20
m into the third level and drains the eastern part of
the Beit-Hakerem Valley to the DSTR valley. This
incision is assumed to be a response of the drainage
system to the latest activity of the Camon fault.

The change from the paleolandscape controlled by
a single large west flowing fluvial system (regardless
of whether it flowed north or south of the Camon-
Hazon ridge) to two drainage systems that flow east
and west of a main water divide, did not occur as a
response to the faulting events mentioned. Normal
displacement ‘along the Peqi’in Fault caused a change
in the westwardly flowing route but did not cause the
reverse in the flow direction. Ongoing activity along
the Camon-Hazon fault is expressed by the incision
of the recent drainage system into the third alluvial
level.

5.2. The central part

In the central part of the Beit-Hakerem Valley,
both Pleistocene drainage systems (as described
above) followed the same route. We assume they
flowed through the recent meandering reach of Na-
hal Hilazon. The meanders in this reach are incised
about 150 m into the limestone bedrock. The signifi-
cance of incised meanders into bedrock as markers
of tectonic uplift has been discussed by different
researchers (e.g., Gardner, 1975). The downcutting
of the Pleistocene channel and the formation of the
incised meanders took place as a result of the uplift
of the block over which the river flowed. Uplift was
slow enough to be accompanied by incision of the
drainage system. Prior to this uplift, the stream had a
meandering pattern and flowed on a relatively flat
landscape. This block was uplifted along the normal
fault at its southern side (Levi, 1983) and was tilted
about 10° to the north. Since there are no alluvial
terraces on the slopes of Nahal Hilazon nor breaks in
the slope’s angle, the rates and stages of uplift and
incision are not known.

The uplift of this block along its southern fault
caused the erosion of the entire Mt. Scopus Group

cover from the southern side of the block. Remnants

" of the Mt. Scopus Group are preserved only along

the base of the Zurim Escarpment at the northern and
lower edge of the block, in the Beit-Hakerem Valley.
These remnants appear as isolated chalky hills in the
middle of the valley. At present, this area is located
at the headwaters of the small drainage system and it
is not affected by fluvial processes. Therefore, these
isolated chalky hills are assumed to represent an
ancient part of the Pleistocene landscape that was
influenced by the fluvial system active in the Beit-
Hakerem Valley.

From the western edge of the meandering section,
the Pleistocene drainage system continued westward
through the Meged Valley (Fig. 1c). The Meged
Valley is incised into the Gilon Ridge and it joins the
wéstern side of the Beit-Hakerem Valley. Its length
is about 2 km and it is about a half a kilometer wide.
The Meged Valley is bounded on the south by a very
wide and shallow topographic saddle that separates it
from the deeply incised Nahal Hilazon meanders.

The assumption that the Meged Valley was part
of the Pleistocene drainage system is based on the
various pebbles found in the valley (site 11, Fig. 3)
and the fact that the geometry of the Meged Valley
indicates that it was a part of a large drainage system
(Kafri, 1997). The Meged Valley presents a low
gradient and straight longitudinal profile that could
indicate a middle or lower section of a stream, but is
not typical of the headwaters of a stream.

As in the eastern part of the Beit-Hakerem Valley,
the normal fault activity that took place in the central
part was followed by local adjustments in the
drainage system. But it was not responsible for the
major regional modification of the Pleistocene
drainage system.

5.3. The western part

After emerging from the Meged Valley, the Pleis-
tocene drainage system flowed westward in the
Beit-Hakerem Valley. At the western edge of the
Beit-Hakerem Valley there are three drainage outlets
to the coastal plain: Nahal Izhar, Ahihud hills and
the Beit-Hakerem gorge. Nahal Izhar (Fig. 1c) is the
most elevated and northernmost one, and is assumed
to have been part of a larger drainage system due to
a large misfit between its geometry and present
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drainage basin (Kafri, 1997). Site 12 (Fig. 3), located
at an altitude of 240 m a.s.l. was part of this drainage
system. The second outlet is located in the Ahihud
hills (site 13, Fig. 3). In comparison with the Nahal
Izhar outlet, a large amount of basalt clasts was
found in various places along the Ahihud hills. This
large amount of clasts indicates that the Ahihud hills
were an active drainage outlet for a long time after
the Nahal Izhar outlet was abandoned. The third and
lowest outlet is the Beit-Hakerem gorge, which is the
present valley outlet. Due to difference in altitude
between the Beit-Hakerem Valley and the coastal
plain, this active fluvial outlet is incised 150 m
below its flat shoulders.

The southward shifting of the ancient drainage
outlets of the Beit-Hakerem Valley seems to be
controlled by two parallel normal faults: the Gamal
Fault in the north and the Gilon Fault in the south
(Fig. 1c). Drainage diversion from the Izhar stream
to the Ahihud hills took place as a response to late
Pliocene—early Pleistocene activity on the Gamal
Fault. Later activity on the Gilon Fault caused the
development of the Sha’ab Valley (Fig. lc), the
abandonment of the Meged Valley and the westward
flow of Nahal Hilazon, followed by the incision of
the Beit-Hakerem gorge and the abandonment of the
Ahihud hills (Fig. 1¢) outlet. Again, as described in
the eastern and central parts of the valley, normal
fault activity affected the stream locally, but did not
cause a major change in the drainage pattern of the
area.

6. Styles of deformation

The behavior of the recent drainage system in the
Beit-Hakerem Valley results from the Plio-Pleisto-
cene tectonic activity in the Galilee in general, and
along specific faults in particular. We have shown
earlier that the tectonic activity along the inner
Galilee faults had local effects on the drainage sys-
tems. Different faulting events were followed by
changes in the routing of streams or by deep inci-
sion. In spite of this activity no dramatic change in
the drainage pattern of the area occurred and a single
drainage system that flowed from east to west to-
wards the Mediterranean persisted. If so, what caused
the major modification in the large scale drainage

system? It is obvious that the formation of the DSTR
valley was a necessary stage in the development of
the recent drainage system, but by itself this process
was not enough. We suggest that tilting of a large
area towards the developing base level is required to
cause the capture of a drainage basin and the reverse
of flow direction (Fig. 5). In places where this tilting
did not occur, the main water divide is located on top
of the western rim of the DSTR valley. For example,
in the northernmost part of the DSTR valley (west of
the Hula Valley; Fig. 1a), the western margins of the
rift do not exhibit any tilt towards the DSTR base
level and the main water divide is located at the top
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Fig. 5. Schematic diagram showing the relation between the rift’s
formation and the development of drainage basins in adjacent
areas. A substantial drainage basin can develop only if the rifting
is accompanied by the tilting of the adjacent area towards the rift
valley. This tilting is achieved by arching the rift’s margins.



56 A. Matmon et al. / Geomorphology 28 (1999) 43-59

of the rift’s western rim. Thus, the entire area west
of the rift drains into the Mediterranean (Fig. 1a).
Even though the Hula Valley (Fig. 1b) reached its
present topographic configuration about 2 Ma (Hei-
mann, 1990), there is no westward retreat of the
water divide, indicating that fluvial and slope pro-
cesses by themselves, without tectonism, cannot ex-
plain the retreat of the water divide westward away
from the shoulders of the DSTR valley. Therefore, a
stage of regional tilting towards the rift is necessary
to reverse the flow direction and to drain a large area
towards the DSTR valley.

To demonstrate the deformation affecting the
Plio-Pleistocene drainage surface in the Beit-
Hakerem area, the height of the gravel sites are
projected on a vertical east—west plain (Fig. 6). The
Pleistocene drainage surface is represented by the
best fit line through the different gravel sites. The

sites form a wide arch and their deviation from the
line is largest in the center, decreasing towards the
east and west. It is difficult to quantify the contribu-
tion of inner-Galilee faulting relative to the regional
folding to the total altitude of each gravel site. We
suggest that the shape of the line represents the
effect of regional tectonics, whereas the deviation of
the sites from the line represents local faulting off-
sets.

From this projection, the total deformation of the
Pleistocene fluvial surfaces can be estimated. The
relationship between this line and the different gravel
sites indicates two tectonic styles: (a) A wide arch
extends from the coastal plain to the DSTR valley.
Wdowinski and Zilberman (1996) show that the axis
of the arch corresponded to the main drainage divide
of Israel and is subparallel to the DSTR valley. The
wavelength of the arch is 40-60 km and its ampli-
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Fig. 6. Projection of gravel sites elevations in the Beit-Hakerem Valley and its margins on an east—west vertical plain. It can be seen that the
western part is strongly arched. The main water divide crosses the valley at Rama. Sites 8 and 10 were not included in the construction of

the deformed profile since they represent reworked material.
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tude is 200-300 m. This arching is most likely an
isostatic response of the rift’s shoulder to the deepen-
ing and filling of the Dead Sea Transform Valley
(Wdowinski and Zilberman, 1996). (b) Normal fault-
ing causes a large elevation range of gravel sites that
are close to each other (on the east—west projection)
but are located on different blocks. Such faulting is
suggested in the central part of the Beit-Hakerem
Valley by the large scatter of sites around the surface
line (Fig. 6).

The arching tilted the eastern Galilee eastward
and established a regional N-S trending drainage
divide. This tilting promoted drainage reversal in
eastwardly tilted channels (Fig. 5) as described by
the aforementioned evolution of Nahal Zalmon. The
arching of the western margins of the DSTR valley
has been mentioned and discussed by previous au-
thors. Picard (1943) argued that the arching in the
southern part of Israel occurred during the Pliocene
while Bentor and Vroman (1951, 1961) estimated an
arching of about 400 m for that region. They thought
that it occurred during the early Pleistocene. Ball and
Ball (1953) proposed that the arching began during
the Eocene. None mentioned a relation between the
arching and the development of the DSTR Valley.
By measuring the deformation of different sedimen-
tary units that were deposited horizontally, Salamon
(1987) showed that 40% (200-400 m in southern
Israel) of the total arching occurred between the
Toronian and the Eocene and the rest from the
Miocene to the Pliocene. Ten Brink et al. (1990)
pointed out the relationship between the rift axis
isostatic compensation and the topography at the
rift’s margins. Wdowinski and Zilberman (1996)
constructed more than 60 topographic and structural
cross-sections perpendicular to the rift’s axis and
proposed a mechanism that relates the development
of the DSTR valley to the topography of its margins.
This type of arching has been observed in other rifts
as well (e.g., East African Rift, Rosendahl, 1987;
Ebinger et al., 1989). This wide folding that occurred
along major parts of the western margins of the
DSTR valley, is responsible for the establishment of
the North—South trending mountainous backbone of
Israel and, therefore, was the main factor controlling
the establishment of the subsequent drainage net-
work pattern. According to the results of this study,
approximately 200 m of arching in the Galilee oc-

curred during the Pleistocene. It is younger than the
arching reported for southern Israel, where it was
related to the Miocene and Pliocene periods (Picard,
1943; Salamon, 1987).

7. Conclusions

From the reconstruction of a Pleistocene drainage
system in northern Israel, we were able to point to
the tectonic systems that were active at that time and
tie the tectonic activity to the development of the

.drainage system in the Beit-Hakerem Valley in par-

ticular, and to the entire landscape of northern Israel
in general. A Plio-Pleistocene fluvial system crossed
the present-day drainage divide of Israel in the Beit-
Hakerem Valley. This system used to drain most of
the Galilee into the Mediterranean. Its maximum age
is determined by the youngest basalt clasts that
originated at the Dalton and Amud volcanic fields
and is dated to 1.8 Ma. The topography during that
period was quite similar to the present-day topogra-
phy. Faulting and the development of the block
systems in the Galilee that began in the Miocene
(Ron et al., 1984) continued during the Pleistocene
and were followed by local adjustments of the
drainage system. This normal fault activity did not
cause the reverse in flow direction and did not form
the main drainage divide which was formed by the
arching of the western margins of the DSTR valley
as a response to its deepening and filling. The arch-
ing caused the tilt and changed the flow direction in
the eastern flowing channels. In places where the
arching did not occur, the main water divide is
located at the rim of the rift, and slope and fluvial
processes are not able to cause the migration of the
divide further west, away from the rift’s shoulder.
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ABSTRACT

Matmon, A., Zilberman, E., Enzel, Y. 2000. Development of the Bet ha’Emeq
structure and the tectonic activity of normal faults in the Galilee. Isr. J. Earth
Sci. 49: 143-158.

A morphometric study of the Bet ha’Emeq drainage system, Upper Galilee, combined
with available geological and structural data, enables the detection of tectonic stages
that took place in the region, as well as a better understanding of the influence of
tectonic activity on surficial processes. The preservation of Senonian and younger
rock units in the downfaulted blocks of the Bet ha’Emeq Valley implies that normal
faulting at rates compatible to denudation initiated during the Miocene and lasted ~10
million years. During that time, ongoing truncation continued on the uplifted block,
eliminating completely the Senonian units. The relation between the Bet ha’Emeq
drainage system and adjacent structures implies that the relief of the Bet ha’Emeq
Valley and the development of the drainage system in it preceded the development of
the secondary uplifted blocks within the Bet ha’Emeq low structure, the neighboring
Zurim Escarpment, and the formation of the regional tilt of the Upper Galilee. The
present relation between the Zurim Escarpment and the Bet ha’Emeq drainage system
suggests no observable retreat of the escarpment since its formation more than 4 Ma.
Morphologic considerations and the existence of quartz geodes derived from the
Cenomanian Deir Hana Formation on abandoned saddles along the present water
divide of Nahal Bet ha’Emeq suggest that the headwaters of the Bet ha’Emeq drainage
system used to be in the Beit Jann tectonic block. This block is currently disconnected
from the Bet ha’Emeq drainage system due to normal displacement along the Sumi
and Peqi’in faults. The present morphology of the Bet ha’Emeq Valley developed
since the Pliocene. A fresh fault scarp in dolomite and knick points in Pleistocene
travertine units in the western part of the Bet ha’Emeq Valley indicate late Pleistocene
activity on the Bet ha’Emeq fault system. Incision of the Bet ha’Emeq drainage
system as well as adjacent streams into alluvial terraces signals the response of the
drainage system to the regional-scale uplift and is not associated with normal faulting
of the Bet ha’Emeq system. The regional uplift is also expressed in the steep gradient
of the Upper Galilee streams.

Development of the Bet ha’Emeq structure and the tectonic activity of normal faults in
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The data collected in the Bet ha’Emeq and neighboring valleys indicate that
faulting was active since the Miocene and until the late Pleistocene, and that the
development of the landscape is mainly controlled by rates of faulting and regional

uplift, and less by surficial processes.

INTRODUCTION

Active tectonics influence fluvial systems by either
subsidence or uplift and by direct faulting on all tem-
poral scales (e.g., Wallace, 1967; Stevens, 1974;
Schumm, 1977, 1986). The change in slope causes
changes in stream pattern and aggradation and/or inci-
sion of the stream. When stream incision occurs more
slowly than uplift, a disruption of the drainage pattern
will follow (Sparling, 1967; Twidale, 1971; Ollier,
1981; Harvey and Wells, 1987; Burbank et al., 1996;
Gupta, 1997). The effect of direct displacement by
faulting can be very dramatic (e.g., Keller, 1986;
Rockwell et al., 1988; Spitz and Schumm, 1997).
Slower deformation is more difficult to detect. How-
ever, long-term activity will result in the accumulation
of both recognizable tectonic structures and deforma-
tion of the fluvial system (e.g., Gerson et al., 1984;
Markewich, 1984; Ouchi, 1985; Merritts and Vincent,
1989; Chorowicz and Fabre, 1997; Spitz and Schumm,
1997).

In Israel, fluvial systems have been largely modi-
fied by recent tectonics (e.g., Bentor and Vroman,
1951; Garfunkel and Horovitz, 1966; Freund et al.,
1968; Kafri and Heimann, 1994; Ginat et al., 1998;
Kafri, 1997), and the drainage pattern has adjusted to
the development of different morphotectonic features.

In this study, we reconstruct the development of a
main drainage system in the Upper Galilee, northern
Israel, and explain this development in relation to tec-
tonic activity that took place in the region since the
Miocene. The area is located at the margins of the
Dead Sea Transform Valley (DSTV), so drainage de-
velopment was affected both by the large-scale tecton-
ics and by local inner Galilee faulting. Based on this
reconstruction, we will evaluate the influence of the
tectonic activity on the drainage system.

STUDY AREA

The Upper Galilee is located in northern Israel, be-
tween the Mediterranean Sea in the west and the
DSTYV in the east, and between the Bet Kerem Valley
in the south and the Litani River, southern Lebanon, in
the north (Fig. 1a). The surface of the Upper Galilee is
a mountainous area that rises moderately from the
coastal plain to an altitude of approximately 1000 m

‘and is part of a regional erosional surface that devel-

oped during the Oligocene to Miocene (Garfunkel,
1988). The N-S-oriented main water
divide is subparallel to the DSTV and the distance
between them increases from 2 km in the northern
Galilee, where the divide is located at the top of the
rift’s western rim, to 30 km in the southern part of the
Galilee.

The Upper Galilee is crossed by two systems of
faults trending NW and NE, which have sinistral and
dextral displacements, respectively, accommodating
N-S extension (Ron et al., 1984; Fig. 1a). Some of
these faults curve to become E-W normal faults (Ron
et al., 1984). Most of the folds that developed during
the late Mesozoic as part of the Syrian Arc (Flexer et
al., 1970) have no morphologic expression.

The tectonic development and erosional pattern that
persisted in the Galilee since the Miocene did not leave
a sedimentary record that can testify for stages of
landscape formation. The absence of topographic ex-
pression on most of the Upper Galilee normal faults
implies that they have not been active since the end of
the Miocene when an extensive erosional surface was
formed in this area (Picard, 1943; Yair, 1962;
Garfunkel, 1988). Alternatively, it may imply that the
rates of tectonic activity since the end of the Miocene
did not exceed the regional denudation rates.

The stratigraphic sequence exposed in the Upper
Galilee includes: (a) Lower Cretaceous sandstone and
marls of the Kurnub Group (Eliezri, 1965), which are
exposed only at the base of the Zurim and Ramim
escarpments; (b) Upper Cretaceous limestone and do-
lomite of the Judea Group (Baida, 1961; Kafri, 1972),
which cover most of the central hilly part of the Gali-
lee. This sequence includes the quartz geodes horizon
in the Cenomanian Deir Hana Formation, which is
widely exposed in the Beit Jann area (Fig. 1b); (c)
Senonian to Paleocene cherts, chalks, and marls of the
Mt. Scopus Group (Flexer et al., 1970; Kafri, 1972);
(d) Eocene limestones and chalks of the Avedat Group
(Baida, 1961; Kafri, 1972), which are exposed at the
eastern and western margins of the Galilee or in
downfaulted blocks and small synclines in the center
of the Galilee. In the eastern part of the Upper Galilee,
there are late Pliocene to early Pleistocene volcanic
fields. The valley floors in the Galilee are generally
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Fig. 1. (a) Generalized location map. DSTV—Dead Sea Transform Valley (geology after Picard and Golani, 1965); (b)
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North

Fig. 2. Bet ha’Emeq structure. View to the east. The uplifted block on the left (north) is the Sheikh Danun—Yanuh block. The
uplifted block on the right (south) is the Yarka block. Both blocks are bounded by normal faults at their base. The surface of the
downfaulted block is incised in the north and south by the Yanuh and Bet ha’Emeq streams, respectively.

covered with Pleistocene to Holocene alluvial sedi-
ments with local silty clay deposits and soils. The cli-
mate of the area is semihumid Mediterranean (annual
mean precipitation is 700-900 mm). Karst is the main
erosion process in this carbonatic terrain, resulting in a
low amount of coarse material delivery to the stream
channels. The thin colluvial mantle on the slopes con-
sists generally of silty soil with carbonate rock frag-
ments, generally not larger than 10 cm. Alluvial fans
are not common and mass wasting processes are rare.

The Bet ha’Emeq Valley

The Bet ha’Emeq faults (located in the western Upper
Galilee; Fig. 1b) are unique in their prominent topo-
graphic expression (Fig. 2). The eastern part of the valley
is a graben bounded in the north by the Sheikh Danun—
Yanuh normal fault and in the south by the Yarka normal
fault (Fig. 1b). The western part is a tilted block bounded
in the north by the Sheikh Danun—Yanuh normal fault
(Fig. 1b; Freund, 1959, 1970; Baida, 1961; Kafri, 1972).
The vertical displacement along these faults ranges be-
tween 100 and 400 m (Freund, 1970; Kafri, 1972). In the

uplifted blocks, limestones and dolomites of the
Cenomanian to Turonian Judea Group are exposed,
whereas the base of the downfaulted block is composed
of chalks of the Mt. Scopus Group. The outstanding
morphostructural expression of the Bet ha’Emeq normal
faults indicates a post-Miocene tectonic activity that ex-
ceeded denudation rates and enabled the formation of
substantial topography. Therefore the Bet ha’Emeq low
structure serves as a sedimentary trap for Miocene to
Quaternary sediments that accumulated on top of the
Senonian units, whereas most of the Galilee was under
erosional conditions during that period.

Several geological studies were carried out in the
area. Baida (1961) and Kafri (1972) mapped the west-
ern part of the Galilee. Freund (1959) described the
Cretaceous sequence and tectonics of the area and later
calculated the extension of the normal fault system in
the Galilee during the Neogene, including the Bet
ha’Emeq system (Freund, 1970). Kafri (1997) pro-
posed that the western part of the Bet ha’Emeq graben
was part of an extensive Neogene drainage system that
flowed from the eastern Galilee to the Mediterranean.

e
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METHODS

A morphometric analysis of Nahal Bet ha’Emeq,
which is the stream that drains the Bet ha’Emeq Valley
(Fig. 1b) and its surroundings, was conducted. The
analysis includes the construction of topographic cross
sections perpendicular to Nahal Bet ha’Emeq at sev-
eral points, longitudinal profiles of Nahal Bet
ha’Emeq and other streams, and the calculation of the
Vf parameter, which is indicative of the degree of
incision. Vf values express the ratio between the width
of the stream bed and the average depth of the stream
bed below its interfluves on both sides. Vf values were
calculated at 32 points, evenly spaced, along Nahal
Bet ha’Emeq following the method described by Keller
(1986). All topographic cross sections and profiles were
constructed using GIS procedures and the Digital Ter-
rain Model (DTM) (Hall, 1993) database.

Mapping of alluvial terraces at the western part of
the Bet ha’Emeq Valley and adjacent drainage sys-
tems, and analysis of thin sections of calcrete horizons
that formed on the alluvial material, help to determine
the minimum age of the terraces using the calcrete
stage index (Birkeland, 1984; Machette, 1985;
Birkeland et al., 1991). Topographical maps were ana-
lyzed to detect remnants of the ancient course of the
Nahal Bet ha’Emeq drainage system. Topographical
features such as wide saddles were marked for later
fieldwork based on the analyses of the maps. The sites,
which appear to be remnants of ancient streams, were
surveyed for direct evidence of fluvial deposits. At
sites where these deposits were identified, we concen-
trated our efforts on exotic gravel that has no source in
the present-day drainage basin. Possible sources for
exotic gravel such as quartz geodes were marked. This
enabled us to trace the gravels to their source, recon-
struct the ancient drainage basin of Nahal Bet
ha’Emeq, and evaluate the tectonic activity that took
place in the area.

Combining available geological and structural data
with the topographic and morphometric analysis en-
abled us to locate segments of the drainage system that
were influenced by tectonic stages that took place
between the early Miocene and the Pleistocene. Com-
paring longitudinal profiles of main stream channels in
the Upper and Lower Galilee (including the Nahal Bet
ha’Emeq stream channel and its tributaries) and corre-
lating alluvial terraces in the western Upper Galilee
streams helped to distinguish between deformation
that was related to normal faulting of the Bet ha’Emeq
fault system and regional uplift that was followed by a
change in base level and regional incision of streams.
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Fig. 3. (a) A topographic cross section of the area where
Nahal Bet ha’Emeq reaches the closest to the Zurim Escarp-
ment. For location of cross section, see Fig. 1b; (b) A topo-
graphic cross section of the area where Nahal Peqi’in
reaches the closest to the Zurim Escarpment. For location of
cross section, see Fig. 1b in enlarged area at top of figure.

FIELD OBSERVATIONS
The pattern of Nahal Bet ha’Emeq

The general flow direction of Nahal Bet ha’Emeq is
westward from its eastern divide to the Mediterranean.
At the eastern and central reaches of the drainage
system, the divide between the Bet Kerem Valley and
the Bet ha’Emeq Valley drainage basins lies right
above the northern escarpment of the Bet Kerem Val-
ley. Nahal Bet ha’Emeq meanders very close to the
water divide between the two basins (point 2, Fig. 1b
and Fig. 3a). Even though the deep valley of Bet
Kerem is much closer to the upper reach of Nahal Bet
ha’Emeq than the Mediterranean, Nahal Bet ha’Emeq
flows to the further base level, the Mediterranean,
along a gentler gradient. In addition, the course of
Nahal Bet ha’Emeq does not follow the direction of
the NW regional tilt of the Upper Galilee. Similar
relations are observed at point 3 of Fig. 1b near the
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are hard carbonate rocks (geology after Kafri, 1972).

village of Beit Jann. There, the divide between the Bet
Kerem Valley and the former headwaters of Nahal Bet
ha’Emeq rises only ~2 m above the channel bed (Fig.
3b).

Nahal Bet ha’Emeq crosses several uplifted struc-
tures (Fig. 4). The Nahal Bet ha’Emeq stream bed
alternates from a wide and gentle gradient stream to a
narrow, steep gradient stream as it crosses between
uplifted to downfaulted blocks (Fig. 4). The correla-
tion between Vf values and structure is good. Lithol-
ogy does not seem to influence Vf values (Fig. 4). At
the western reach of Nahal Bet ha’Emeq, Vf values
increase as the stream enters the coastal plain. The
local structure of uplifted blocks is buried under the
coastal plain sediments.

Marine and alluvial sediments dating from the late
Eocene to Pliocene, exposed at the western end of the
Bet ha’Emeq Valley, indicate that the area subsided
and trapped sediments since at least the early Oli-
gocene (Matmon et al., in preparation). This is in
contrast to the rest of the region that has been uplifted
and under erosion since the middle Eocene.

These observations regarding Nahal Bet ha’Emeq
imply that:

1. The stream valley of Nahal Bet ha’Emeq developed
prior to both the development of the Zurim Escarp-
ment and the tilting of the Upper Galilee to the NW,
but later or contemporaneous with the Bet ha’Emeq
graben.

2. The Zurim Escarpment did not retreat substantially
since its formation and there is no process of river
capturing.

3. The drainage system of Nahal Bet ha’Emeq is in-
cised through the structures it crosses and it was not
blocked and diverted by uplifted blocks. This im-
plies that the drainage system developed before or
at the same time the blocks were uplifted and that
the rate of uplift did not exceed the rate of incision.

Longitudinal profile of Nahal Bet ha’Emeq

The headwaters of Nahal Bet ha’Emeq are located in a
series of abandoned valleys on the Kisra Ridge which
is uplifted by the Sumi Fault (point 1 in Fig. 1b; Fig.
5). Quartz geodes were found at the headwaters of
Nahal Bet ha’Emeq. The only possible source for these
geodes is the Deir Hana Formation (Eliezri, 1965),
exposed on the Beit Jann uplifted block, east of the
Peqi’in Valley (Fig. 1b). This block is currently
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South

Fig. 5. The abandoned saddle at the present headwaters of Nahal Bet ha’Emeq. Quartz geodes were found on the saddle. The
most likely source of the geodes is the Beit Jann block, which can be seen in the background. Presently, the Beit Jann block

does not drain into the Bet ha’Emeq drainage system.

drained into the Peqi’in Valley and is disconnected
from the Bet ha’Emeq drainage system by the uplifted
block of the Sumi Fault.

Longitudinal profiles of the main westward-flow-
ing streams in the Upper and Lower Galilee were
constructed (Fig. 6). Two important observations are
drawn from the comparison of the stream profiles: (i)
the profiles of the Upper Galilee streams are steeper
than the Lower Galilee streams and (ii) 3 Upper Gali-
lee stream profiles are similar, with the upper reach of
Nahal Bet ha’Emeq being anomalously steeper than
the other Upper Galilee streams. These observations
may reflect two tectonic phases that took place in the
area:

1. The Lower and Upper Galilee are uplifted due to
arching of the west margins of the Dead Sea Trans-
form Valley (Matmon et al., 1999). However, the
Lower Galilee has been subsiding during the Late
Cenozoic due to the extension process that formed
the basin and range structure of the area (Freund,
1970; Ron et al., 1984). The steep profiles of the
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Fig. 6. Stream profiles of some of the major drainage sys-
tems in the Galilee. The Upper Galilee streams are signifi-
cantly steeper than the Lower Galilee streams.

Upper Galilee reflect the arching, while the gentle
profiles of the Lower Galilee reflect the subsidence
of the Lower Galilee.

2. The relative steepness of the upper reach of Nahal
Bet ha’Emeq reflects the uplift of the Kisra block
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and points to the disequilibrium state of Nahal Bet
ha’Emeq in relation to the relief formed by activity
of the Kisra Fault. This observation and the exist-
ence of the quartz geodes at the headwaters of
Nahal Bet ha’Emeq suggest that prior to the forma-
tion of the Kisra ridge by the activity of the Kisra
fault, the headwaters of Nahal Bet ha’Emeq were
located in the Beit Jann block. Vertical displace-
ment along the Sumi and Peqi’in faults diverted the
headwaters of Nahal Bet ha’Emeq into the subsid-
ing Peqi’in Valley and steepened the current head-
waters of Nahal Bet ha’Emeq.

The preservation of the Senonian sequence

A Senonian sequence of chalk and marl is preserved in
the Bet ha’Emeq graben (Figs. 1b and 7; Kafii, 1972).
The existence of the Senonian rocks in the graben
helps put constraints on the relations between regional
denudation and faulting in the area. To further the
discussion on the implications of the occurrence of
these Senonian rocks we provide a short review of the
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Fig. 7. Topographic and geologic cross section across Nahal
Bet ha’Emeq in an area of preserved Senonian units in the
downfaulted block. For location of cross section, see
Fig. 1b. The downfaulted block has been incised by the
Bet ha’Emeq stream and its tributaries. Notice the upper
surface of the remnant hills in the downfaulted blocks. Modi-
fied after Kafri, 1972.

geological history of the region from the late Eocene to
the middle Miocene. The Eocene sequence of lime-
stone and chalk was deposited on the preexisting trun-
cated folds of the Syrian Arc that began forming as
early as the late Turonian (Flexer, 1964, 1968; Flexer
et al., 1970). The regression of the Tethys Ocean at the
end of the Eocene and the slow uplift of the land left
behind a flat continental platform covered by Eocene
carbonate units (Fig. 8A), which was drained west-
ward by a regional drainage stystem (Picard, 1943,
1951; Garfunkel and Horowitz, 1966; Nir, 1970;
Garfunkel, 1988; Avni, 1990, 1991; Zilberman, 1992;
Garfunkel and Ben-Avraham, 1996; Begin and
Zilberman, 1997). This drainage system eroded the
uplifted terrain and exposed differentially rocks of the
Judea Group, while the Senonian, and sometimes the
Eocene, sequence was preserved in the synclines (Fig.
8C). The rate of uplift and erosion during the Oligocene
and the Miocene are not well known. The abundant
gravel of Eocene source in the Miocene conglomerates,

" even in areas where the Eocene sequence has been

eroded, suggests that Eocene cover was still widespread
during the early Miocene and that erosion was limited
during the Oligocene (Garfunkel, 1970, 1978).

The preservation of the Senonian sequence in the
Bet ha’Emeq graben, as well as along other fault-
controlled structural lows in the Galilee, indicates that
the structure already existed in the Miocene. This im-
plies that vertical displacement of the Bet ha’Emeq
fault system began early enough in the history of denu-
dation, while Senonian rocks were still on the surface
(Fig. 8B or 8D). This type of preserving mechanism of
young stratigraphic units has been suggested as being
responsible for (a) the existence of the Upper Meso-
zoic sequence in the grabens of Yotam and Netafim in
the Elat area, (b) the preservation of the Hazeva For-
mation in the Karkom and Abu-Treifa grabens in the
central Negev, and (c) the preservation of Maastrichtian-
Neogene sequence along the boundary of the Dead Sea
basin (e.g., Garfunkel, 1970; Agnon, 1982; Zilberman,
1993).

Ongoing erosion on the upper blocks and preserva-
tion of young sequences on the lower blocks requires
that the rate of vertical displacement be lower than the
rate of denudation. Fast vertical displacements will
trigger rapid incision of the drainage network and, in
turn, the abandonment of the top of the uplifted block
and a significant decrease in erosion on the isolated
high ridges (Matmon et al., 1998; Fig. 8B). In such a
case, Senonian units are expected to be preserved on or
near the summits of the uplifted isolated blocks. In
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places such as Mt. Zefat or Nazareth Mts., the sum-
mits, which are at the same elevation as neighboring
summits, are built of Senonian and Eocene units. Nev-
ertheless, this is not the case in the Galilee in general

and in the Bet ha’Emeq area in particular. The com-.

plete erosion of the Senonian sequence from the up-
lifted block along with the preservation of the
Senonian sequence on the downfaulted block could be
achieved provided the Senonian sequence was re-

moved from the uplifted block prior to the formation
of the present topography (Fig. 8D). The present to-
pography was formed only at a later stage (Fig. 8E).

Remnants of the low-relief terrain which predated
the present topography are observed in the Bet
ha’Emeq graben. The summits of the rounded hills
which developed in the soft Senonian units form a flat
level that does not correspond to the dip of the beds but
truncates them (Fig. 7).

Senonian Truncation

- Miocene Truncation

Senonian Truncation

A.
B.
Case 2
C:
D.
e
R\Y
\
E.

\

7

- -Senonian rocks
—— -Erosional plain

Fig. 8. A cartoon showing the mechanism for Senonian rock preservation. (A) Initial situation after the regression of the Tethys
Ocean. Eocene carbonate sediments were deposited over an erosional surface that developed after the deposition of the
Senonian sequence. (B) Case 1: Faulting and relief forming during early stages of Miocene truncation. In this case, the
Senonian sequence is preserved both on the uplifted and downfaulted blocks. This situation does not occur in the Bet ha’Emeq
graben, indicating that faulting was not accompanied by relief. (C) Ongoing truncation with no faulting. In this case, the
Senonian sequence is preserved only in the synclines of the pre-Eocene structure. (D) Faulting during the early stages of
truncation. The faulting is not associated with topography. This situation allows the ongoing truncation on the uplifted blocks
while preserving the Senonian sequence on the downfaulted block. This situation occurs when the rate of vertical displacement
is equal to the rate of truncation and it agrees with field observations in the Bet ha’Emeq area. (E) Final stage of uplifting forms

the present topography.
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Alluvial terraces

Alluvial terraces are rare along the slopes on both sides
of the Bet ha’Emeq graben, which expose Upper Cre-
taceous rocks coated in places with calcrete. The scar-
city of alluvial terraces might be because: (a) the flow
level of the drainage system occupied the surface of
the graben as it was downfaulted and there was no
major incision phase, (b) incision phases were rapid
and alluvial and rock-cut terraces were not formed,
and (c) terraces that were formed were eroded from the
slopes of the graben.

The terraces in the graben are confined to its
western part (Fig. 9) and are situated 10 to 30 m
above the present streambed. The terraces contain
well-rounded limestone, dolomite, chalk and chert
pebbles, and angular chert fragments. The pebbles
are embedded in a highly developed calcrete coat-
ing that is currently eroding due to karst processes
(Fig. 10). The thickness of the alluvium does not
exceed several meters and it is deposited on
benches incised into Senonian chalk at the margins
of the valley (Fig. 11). The alluvial terraces probably
experienced a long period of pedogenic process result-
ing in the development of Stage VI calcretes
(Machette, 1985). In comparison to calcrete horizons
in the southwestern United States, the age of these

calcrete horizons, and therefore the terraces, is at least
400 Ka (Birkeland, 1984; Machette, 1985; Birkeland
et al., 1991). At site (a) in Fig. 9 (coordinates 16540/
26580 Israel Grid), the terrace leans on a relatively
fresh fault scarp (Fig. 12), displacing the Upper Creta-
ceous Sakhnin Formation dolomite. The freshness of
the fault scarp suggests displacement during the Late
Pleistocene or Holocene (Gran et al., 1999), whereas
the maturity of the calcrete suggests a much older age
for the terrace. It should be emphasized that there is no
direct field evidence on whether the conglomerate was

" deposited along the fault scarp or was displaced by it.

Alluvial terraces similar in texture and composition to
the alluvial terraces of Nahal Bet ha’Emeq, are found
near Nahal Ga’aton about 10 km north of Nahal Bet
ha’Emeq (Figs. 1b and 9), about 20 m above the
Ga’aton stream bed and 10-20 m above the Itzhar
channel bed, approximately 10 km south of Nahal
Bet ha’Emeq.

A travertine unit, tens of meters thick, was depos-
ited at the mouth of Nahal Yehi’am (Figs. 1b, 9; Baida,
1961; Kaftri, 1972). At present, the channel is incising
into the travertine, slowly eroding it away. The gradi-
ent of the Yehi’am channel in the area of the travertine
beds is 5%. Similar relations between travertine units
and incising channels can be seen at the mouth of
Nahal Ga’aton (Fig. 9).
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Fig. 10. Typical appearance of the alluvium in the terraces. The pebbles are cemented in a hard calcrete matrix. It can be seen
that presently the calcrete is disintegrating and pebbles are being washed back to the active drainage system.
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Fig. 11. A detailed cross section of an alluvial terrace on the southern margin of the Bet ha’Emeq Valley. The underlying chalk
is exposed at different levels of the terrace, indicating that the thickness of the alluvium is only several meters and that it is
deposited on benches in the Senonian chalk.
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Fig. 12. Alluvial material against a fresh fault scarp built of dolomite of the Sakhnin Formation. For location, see point (a) in

Fig. 7.

DISCUSSION AND CONCLUSIONS

The drainage pattern in the Bet ha’Emeq Valley and
the preservation of a Senonian sequence on the
downfaulted block indicate that the activity of the Bet
ha’Emeq faults started early in the faulting history of
the region and probably earlier than most of the other
normal faults in the Galilee. The tectonic and erosional
evolution of the Bet ha’Emeq structure and the devel-
opment of the drainage system in the Bet ha’Emeq
Valley can be divided into three stages, and the rates of
tectonic and erosional phases are estimated below.

Stage 1—Beginning of denudation

The denudation of the region began sometime after the
regression of the Tethys Ocean in the late Eocene.
Begin and Zilberman (1997) estimated denudation
rates of the mountainous backbone of Israel from the
Oligocene to the Pleistocene. They calculated a typical
denudation value of 20 m in a million years for an
average relief of 100 m (which represents the landscape
in the region during the Oligocene and Miocene). The
Senonian to Eocene sequence in the Galilee is 150—
250 m thick (Kafri 1972). Therefore, it would take no

more than 7.5-12.5 million years to erode the Eocene
to Senonian sequence. Regional denudation during the
Oligocene was probably very limited. Evidence for
initial relief and significant stripping of sediments is
represented in continental sediments found along the
margins of Samaria, Judea, and the Negev and dated to
Upper Oligocene and Lower Miocene (~23 Ma)
(Shaliv et al., 1991; Zilberman, 1992; Buchbinder and
Zilberman, 1997). Therefore the lower part of the
Senonian sequence could be exposed only in the
middle Miocene, 7.5-12.5 million years after the be-
ginning of significant denudation. We shall state that
our time estimates for the activity of tectonic and
erosional phases in the area are minimum estimates.

Stage 2—Normal faulting at denudation rates

As mentioned earlier, the preservation of the
Senonian sequence in the Bet ha’Emeq graben re-
quired that faulting start before the Senonian se-
quence was totally eroded and that the rate of fault-
ing was compatible with the rate of denudation,
resulting in low-relief terrain. Therefore faulting
must have started no later than Middle Miocene,
probably 7.5-12.5 Myr after denudation began. The
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Fig. 13. Topographic cross section of the Yehi’am stream. A
knick-point occurs where the northern normal Sheikh
Danun- Yanuh fault crosses the stream.

occurrence of late Eocene and early Oligocene units at
the western end of the Bet ha’Emeq Valley indicate
that it subsided and trapped sediments while the rest of
the region was under erosion. The absence of Senonian
units on the uplifted blocks indicates that denudation
continued on the uplifted blocks south and north of the
Bet ha’Emeq low structure after its initial subsidence.
Matmon et al. (1998) demonstrated that the formation
of tectonic relief in the Galilee caused a dramatic
decline in the denudation rates along the interfluves
that established on the uplifted blocks. If substantial
relief were to develop, the reduced denudation rates
that would follow it would allow the preservation of
Senonian rocks on the uplifted blocks. Since this se-
quence is totally absent from the uplifted blocks, it
must be concluded that the rate of normal faulting
during this tectonic phase was equal to the rate of
denudation of the uplifted blocks. The drainage system
of Nahal Bet ha’Emeq, which occupied the shallow
valley at this stage, incised through the uplifting sec-
ondary blocks that developed in the Bet ha’Emeq low
structure.

The stratigraphic displacement between the
Senonian preserved units in the valley and the Ceno-
manian rocks exposed at the top of the uplifted blocks
reaches 400 m in some places (Kafri, 1972). Since only
one-third of the stratigraphic displacement is ex-
pressed by topography, it appears that about two-thirds
of the displacement occurred before the last tectonic
phase that formed the present relief. Assuming vertical
displacement rates that are compatible with denuda-
tion rates (20-25 m/Myr; Begin and Zilberman, 1997),
the period dominated by low-rate displacement with-
out forming topography lasted 10-11 Myr. This calcu-
lation is subjected to several uncertain parameters:

140

120

Profile of alluvial terraces
100

80

60

Elevation (m)

Present profile of Nahal Bet-Ha'Emek
40 1

20 1

0 + +
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Distance (m )
Fig. 14. A comparison of the gradient of the western part of
the present Nahal Bet ha’Emeq with the reconstructed gradi-
ent of alluvial terraces above Nahal Bet ha’Emeq.

(1) The changes in rates of denudation. Begin and
Zilberman (1997) estimate rates of denudation 10—
60 m/Myr since the Miocene. This range can result
in much shorter or longer periods of time needed to
erode the sequence missing on top of the uplifted
blocks. The rate of 20 m/Myr used above is the
average rate calculated by Begin and Zilberman
(1997) and it is a reasonable rate for an average
relief of 100 m.

(2) Uncertainty of the thickness of sediments that were
removed. The thickness of the eroded section
ranges between 200 m and 400 m (Baida, 1961;
Kafri, 1972). This range could shorten or extend
the period of denudation by 20-25%. A thickness
of 260 m of the eroded section was assumed based
on structural data of the area (Kafri, 1972).

Stage 3—Development of the present topography

The present topographic expression of the Bet
ha’Emeq graben was formed by a tectonic phase asso-
ciated with high rates of vertical displacement. Con-
sidering that denudation started ~23 Ma and lasted
7.5-12.5 Myr in stable conditions and additional 10—
11 Myr under slow rate displacement, topography was
formed by a high rate of vertical displacement within
the last 5.5 Ma. This estimate agrees with the results of
topographic analysis by Matmon et al. (1998) that
show that most of the morphotectonic features in the
Galilee began forming about 4 Ma. It should be stated
again that these estimates are minimum ones and that
all three stages might have occurred earlier if substan-
tial denudation began earlier than ~23 Ma.

The activity on the Bet ha’Emeq fault system con-
tinued through the Quaternary, as indicated by the
fresh fault scarp in the Sakhnin dolomite (point (a) in
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Fig. 9), evidence for shearing in the calcrete of the
Sheikh Danun exposure (in preparation) and a knick-
point where the Ye’hiam channel crosses the Sheikh
Danun-Yanuh fault (Fig. 13). These observations
agree with the Quaternary displacement inferred by
Sivan (1996).

The correlation between the different terraces ob-
served in the lower Bet ha’Emeq Valley is not certain,
although they are very similar in composition and
texture. Whether these terraces are of the same age or
not, the incision of approximately 20 m below the
terraces by the recent drainage systems (Bet ha’Emeq,
Ga’aton, Itzhar) indicates a response to a regional
change in base level and is not directly related to local
activity of the Bet ha’Emeq fault system. The incision
into these terraces reflects a regional tectonic phase
such as the ongoing arching of the Galilee (Matmon et
al., 1999) or a fall in sea level.

The travertine at the intersection of the streams of
Nahal Ye’hiam and Nahal Bet ha’Emeq (Baida, 1961;
Kafri, 1972; Fig. 9) could not be deposited in a drain-
age configuration similar to the present one because of
the steep gradient. At this gradient, the fast-flowing
floodwaters of the ephemeral channel cannot precipi-
tate CaCO, and accumulate the travertine (Heimann,
1985). A gentler gradient, which could be achieved by
a higher base level, would result in a lower gradient of
Nahal Yehi’am and allow slower flow and enable the
deposition of the travertine unit. This higher base level
could have existed before Nahal Bet ha’Emeq incised
to its present level, possibly as a result of regional
uplift. Similar relations between travertine units and
incising channels are described in the northern Hula
Valley (Heimann, 1985) and observed at the mouth of
Nahal Ga’aton to the coastal plain and in the eastern
Bet Kerem Valley.

The elevation of the alluvial terraces along the
western part of the Bet ha’Emeq Valley increases from
65 m asl in the west to 115 m asl in the east, resulting in
a gradient of 1.4%. This gradient is similar to the
gradient of the active channel in this area (Fig. 14).
The similarity in gradients indicates that the amount of
uplift along the western part of the Bet ha’Emeq struc-
ture is uniform and that the axis of uplift is not located
in or close to the part of Nahal Bet ha’Emeq where the
alluvial terraces are, but farther to the east.

SUMMARY

The Bet ha’Emeq Valley is bounded by escarpments
formed by normal faults and is a dominant topographic

feature in the western Upper Galilee. The topographic
relief of the Bet ha’Emeq normal faults is unique in the
Upper Galilee, where most of the faults have no topo-
graphic expression. The geometry of Nahal Bet

ha’Emeq is controlled by previous and recent tectonic

structures related to the Bet ha’Emeq fault system. The
primary subsidence along the Bet ha’Emeq fault sys-
tem probably initiated prior to the formation of the Bet
ha’Kerem Valley and the tilting of the Upper Galilee.
The preservation of Senonian units on the downfaulted
block in the central Bet ha’Emeq valley and late
Eocene to early Oligocene sediments at the western end
of the valley suggest that subsidence began in the middle
Miocene (~15 Ma) and maybe even earlier, before these
units were completely eroded from the area. The drain-
age system that occupied the Bet ha’Emeq Valley in-
cised through the uplifted blocks that developed within
the Bet ha’Emeq low structure. The ancient headwaters
of the Nahal Bet ha’Emeq drainage system are located in
the uplifted block of Beit Jann. They were disconnected
from the rest of the drainage system due to the activity of
the Peqi’in and Sumi faults and the formation of the
Peqi’in Valley. The vertical displacement along the
Sheikh Danun-Yanukh fault appears to have continued
through the Quaternary. Even though this activity cannot
be precisely dated, it is evident by a fresh fault scarp in
the Sakhnin dolomite close to the western end of the Bet
ha’Emeq Valley (Fig. 12) and by the knickpoint of Nahal
Yehi’am in the Pleistocene travertine units (Fig. 13;
Kafri, 1972).

Incision into alluvial terraces at the western reach
of the Nahal Bet ha’Emeq, as well in other adjacent
drainage systems, may indicate the response of the
fluvial systems to the regional uplift of the Upper
Galilee platform. The uplift is manifested in the steep
gradient of the Upper Galilee streams.

In spite of the scarcity of Neogene and Quaternary
sediments in the Bet ha’Emeq drainage system, mor-
phometric analysis enables the detection of tectonic
activity and increases the understanding of the relation
between tectonic activity and surface processes.
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