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1. Introduction

The Carmel fault runs along an ancient suture line that separate between two different
geological provinces: The northern province, which includes northern Israel and
Lebanon is characterized by a thin crust (about 23 km) while the southern province
that includes the microplate of Israel and the Sinai peninsula (Salamon et al., 1996),
has a thicker crust (more than 30 km) (Ginzburg and Folkman, 1980; Ben Avraham
and Ginzburg,1990; Hofstteter et al, 1991).These two provinces differ in their
structural character, seismic activity and style of topography (Achmon and Ben
Avraham, 1997). This tectonic boundary is suggested to be a regional important
structure since the Palaeozoic (Ben Avraham and Ginzburg, 1990), The Jurrasic
(Derin, 1974), or Cretaceous (Kaftri and Folkman, 1981).

The Carmel tectonic line shows a relatively high seismic activity (Ben Menhaem and
Aboody, 1981; Shapira and Feldman, 1987, VanEck and Hofstteter, 1990), and is
considered by De Sitter (1962), Freund, (1970), Garfunkel et al., (1981), and
Hofstetter et al. (1996), among others, as a seismically active branch of the Dead Sea
Transform (DST).

The origin and the age of the Carmel fault is a source of controversy. Some connected
its origin to the Dead Sea Rift during the Middle Miocene and considered it as a left
lateral strike slip that branches from the DST and transfers part of the sinistral
movement to the Levant continental margin (De sitter, 1962, Fruend, 1970, Rotstein
et al., 1993; Schattner et al., 2006). Others suggested that it predated the DST and was
established during the opening of the Red Sea as part of the NW oriented "Erythrean"
tectonic system (Picard, 1931; Picard and Kashai, 1958; Horowitz, 1979; Schattner,
2005).

The tectonic domain of the Carmel fault and its sense of displacement are also under
debate. Ron (1984) and Ron and Eyal, (1985) concluded that the structure of the
Galilee and the Carmel regions was developed under a Miocene stress field of E-W
oumax and Pliocene to recent N-S extensional stress field. A later work (Ron et al.,
1990) explained the Carmel structure as a result of a uniform stress field where Gymax
is in E-W direction.

Matmon et al., (2003) suggested that the structures of the Lower Galilee, Yizre'el
Valley and the Carmel have developed since the Early Miocene under continuous

extensional domain. This model is in contrast to the sinistral movement of some of 3-



4 km, which was estimated for the Carmel fault by Arad (1965), Fruend, (1970), and
Rotstein et al., (1993), of which about 300 m are considered by Achmon (1986) as a

young motion, which displaces stream channels.

Sinistral offset of alluvial fans and streams was described by Achmon (1986) and
Gluck (2001) from the northeastern mountain front of the Carmel. A left lateral
component also characterizes some of the recent earthquake epicenters detected along
the northwestern segment of the Carmel tectonic line (Hofstteter et al., 1996). The
focal plane solution of the present seismic activity of the fault is therefore in accord
with the model suggested by De-Sitter (1962), Fruend (1970) and Schattner (2006) to
the entire fault system along the Carmel Line and the Carmel Block. However,
relocation of earthquakes epicenters that occurred in this seismogenic zone since 1984
by Shamir, (2006), found a diffuse distribution of the epicenters, with the moderate
activity taking place mostly north-east of the mapped fault line.

The Carmel fault crosses the down town of Haifa, and runs just south of the chemical
industry area of the Haifa bay, and therefore is a potentially source of a seismic
hazard for this highly populated region..

The aim of the present research was to study the young (Pleistocene-Holocene)
paleotectonic activity in selected sites along the Carmel fault system by conducting a
paleoseismic analysis.

Two tectonic elements were analyzed in the present stage 1. The Nesher fault, which
is a branch of the Carmel Fault and 2. The N-S oriented segment of the Carmel Fault
running between Yoqneam and Jalame (Fig. 1).

In the first site we trenched a young alluvial fan that was deposited on the fault trace;
in second site we dated sediments that were accumulated beyond a Shutter Ridge,
which formed by a sinistral displacement along the Carmel Fault (Achmon, 1986;

Ashqar et. al., 2006: Ashqar et al., in prep.).
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Fig. 1 — Location map of the study sites

2. The Nesher Fault

2.1 Geological background

The Nesher fault is a 5 km long, WNW (110°) oriented normal fault, that diverges
from the NW oriented Carmel (Yagur) fault between Kibbutz Yagur and the Nesher
cement industry complex, and extends up to the water divide of the Carmel (Figs 1,
2). The fault was described by Picard (1931), Picard and Kashai (1958), Kashai, 1966,
and was mapped by Karcz (1959).

The Nesher fault displaces the Early Eocene Adulam formation against the lower part
of the Early Cretaceous Yagur Formation, a vertical offset of about 1000 m. The
orientation of the Nesher fault is similar to a series of NW to WNW oriented normal
faults that cross the Carmel block, of which the main ones are the Isefiya and the
Muhraga fault systems (Picard and Kashai, 1958, Kashai, 1966). A Pleistocene age
was attributed, without field evidence, to the Nesher fault by Picard and Kashai
(1958).



Fig. 2 — Tectonic and morphologic elements in the study area

The Nesher fault branches of the main Carmel fault, which runs in this area in NW
direction under Bar Yehuda Road (Salamon, 2000), somewhere between Yagur and
Nesher. The eastern part of the Nesher fault is hidden under young alluvial sediments
and it is exposed in the study site near the Moslem cemetery of Nesher (coords.
2057574040). At this site the fault runs along the northern margins of a large
landslide (Ashqar, in prep.) and displaces rocks of the Yagur Formation versus chalk
and marly chalk of Latest Paleocene to Early Eocene Adulam Formation. The
Paleocene-Eocene sequence is steeply tilted (60-75°) to the north-north east (Azimuth
10-20%). The rock trace is manifested in this area as a vertical smooth fault plain (Fig.
3) mantled by breccias.

At the western point of the exposed fault plain (coords. 2052574050), a colluvial

apron, cemented by calcrete, faces the plane on its northern side. This colluvium is



dissected by the fault near the fault plain and the hard top of the calcrete is tilted
toward the fault (Fig. 4), a position which might reflects a small displacement. Small-
scale horizontal slickensides were found on a slab of dissected colluvium near the

fault plain (Fig. 5).
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Fig. 3 — The Nesher fault plane west of the trench

Fig. 4 — Vertical displacement of calcrete crust by the Nesher fault
(coords 2052574050)



Further to the west the fault is expressed as a wide shear zone, several tens of meters
wide, associated with brecciated fragments of the Yagur dolomite. Near the western
margins of the Nesher Quarry (cords 205023/740581), at altitude of 90-100 m, the
fault deforms a well bedded Late Miocene to Pliocene marine sequence.

The fault was recently exposed in the upper Carmel (coords. 2018074140) in a
foundation pit dug into the Shamir Chalk (Fig. 6). In this area the fault forms a shear

zone about 30 m wide, but its vertical displacement is small (Karcz, 1959).

[ oI e s
Fig. 5 — Subhorizontal slickensides on the fault plane of the Nesher fault (for
location see fig. 4)

According to the map of Karcz (1959), the fault terminates near the Carmel water
divide. However, this point requires further investigation since the wide shear zone in
this area suggests that this is not necessarily the tip of the fault.

Since the Nesher Fault is considered a branch of the Carmel Fault (Kartcz, 1959;
Picard and Kashai, 1966), it is believed that paleoseismic results obtained from this
fault will also be relevant to the evaluation of the recent tectonic activity of the

Carmel fault.



Fig. 6 — Exposure of the Nesher fault plane in a foundation pit of a building in the
Jjunction between Oskar Shindler road and Mendel Zinger St.

2.2 The Trench site

The study site is located at the northeastern foot of the Carmel Mt., where the Nesher
fault is covered by a small abandoned alluvial fan (Figs. 2, 7). The alluvial fan was
deposited by a small stream that drains the eastern slope of a large-size landslide that
transported a thick sequence of the Yagur dolomite down the Carmel slope. At present
the stream channel flows in a narrow channel incised along the southern margins of
the alluvial fan.

The alluvial fan was cultivated during recent times and its surface was modified by
artificial channels and terraces. Remnants of a Byzantine-Roman building were found
on its northern part, but in most of the area only the uppermost part of the sequence

(50-100 cm) was disturbed.



The Nesher fault =

Adulam Formation

Fig. 7— The Trench site. A view to the northwest

Two parallel trenches, each about 35 m long, were excavated a few meters apart
perpendicular to the fault trace. Additional short trench was excavated in the eastern
part of the study area. The two walls of the western trench were mapped at a scale of
1:20 (Figs. 9, 10), and the sedimentary units were described and sampled for dating in

the GSI thermoluminiscence laboratory using the OSL method.

2.3 Unit description (Figs. 9, 10).

The sequence exposed in the trench can be divided into two main parts separated by
the Nesher fault. North of the fault, young Holocene sediments overly directly a
truncated chalk sequence of the Early Eocene Adulam Formation. South of the fault a
thick (4-5 m) alluvial-colluvial sequence is exposed.

The OSL ages do not always match the stratigraphic order and therefore the present
interpretation of the sequence should be considered preliminary until additional OSL

ages are obtained.

The Eocene Bedrock
Rocks of the Late Paleocene to Early Eocene Adulam Formation are exposed in the
northern part of the trench. Three facies can be distinguished in this sequence: In the

north (33m-35m on the wall), the sequence consists of hard, white chalk, intensively



fractured with black and reddish oxides staining on fracture planes. Chert layers and
horizons of chert concretions (5-10 cm thick), are interbedded in the chalk, dipping
75-80° to the north (azimuth 90-100%). The chert is generally intensively fractured and
some horizons are offset by few cm horizontally. Reddish fine clastic materials and

roots are penetrating along the crushed chert layers.

The middle part of the outcrop (33m-28m on the wall) consists of soft, white massive
chalk. No fractures are observed in the chalk, but it contains intensively fractured
layers of chert nodules, steeply tilted (60-70) to the north. Reddish fine clastic
materials infiltrate along the fractured chert layers.

The southern part of the outcrop (28m-18m on the wall) is composed of fragments of
white chalk mixed with marl. The chert layers are less developed dipping 70-75° to
the north. Sub-vertical fractures, filled by reddish fine clastic sediments and roots,

form a shear zone between 21m and 16m on the log.

The transition Zone and Unit 1
This unit is exposed in the lower part of the trench. Its contact with the Adulam
Formation chalk is sub-vertical and it is located on the eastern extrapolation (azimuth

110°) of the Nesher fault plane, exposed some 50 m to the west (Fig. 8).

The facies of this unit changes gradually southward away from its contact with the
chalk of the Adulam Formation. Near the contact (14m-16m on the log of the western
wall and 14.5m-12m on eastern wall) it is composed of matrix supported, angular
clasts with frequent size of 1-3 cm. The clasts are composed of chalk, chert,
bituminous-chalk, chalky limestone and in the upper part some dolomite. The amount
of chalk fragments increases towards the bottom.

To the south, away from the contact with the Adulam Formation, the amount of clay
increases and the unit gradually passes to a vertisol, which contains some floating
rock gravels. The vertisol is composed of massive clay with blocky-prismatic
structure (when dry). The dry color at the top - 2.5YR3/4 dark reddish brown and at
the bottom — 5YR6/3 light reddish brown. It contains disorthic, gray to brown, hard
calcic nodule (1-5 cm), which consists of series of concentric laminas with central
void coated with calcite crystal forming a geode like structure. The carbonate also

forms bridges and partial coatings on the bottoms of the clasts. The amount of



carbonates nodules increases towards the bottom of the unit to form stage II-III. It
contains also manganese and iron concretions up to 0.5 cm in size and small, 1-2 cm,
clay mud-balls cemented by carbonates. The unit is compacted and hard when wet

and friable to slightly hard when dry. The OSL age of the vertisol is 176+30 ka.

Interpretation - The unit may be a south-facing triangular colluvial wedge, which is
related to an unclear, highly brecciated and weathered wide faulting zone located

between 16m and 17 m on the western wall.

Fig. 8 — The transition zone (White color — Adulam Formation; Brown color —

colluvial and alluvial sediments)

Unit 2
Unit 2 unconformably overlies unit 1 with a clear contact and is overlain by unit 3
with gradual undulating contact. It is 1-2 m thick, tilted southward and disappears

under the trench bottom.
Unit 2 is poorly stratified, consisting of moderately sorted gravel, which forms clast

supported gravel (composing 50-60% of the sequence) in its upper part, and matrix

supported gravel, (composing 20-30% of the sequence) at the base of the unit. Most of

10



the gravels are dolomite and some are limestone ranging from pebbles up to boulders
of 80 cm in size; frequent size — 5-15 cm. Occasional local imbrications occur mainly
at the base of the unit at the back of larger boulders.

The matrix is composed of dark brown clay (dry color — 2.5YR3/3 — dark reddish
brown) with small rock fragments of sand to grit size. Small (1-2mm) rounded
fragments of black manganese and iron oxides are scattered in the clay. It usually
contains small carbonate nodules up to 0.5 cm in size and few larger disorthic nodules
up to 2-3 cm; larger amounts of carbonates are disseminated in the matrix, forming
stage III paleosol. The unit is very compact, but is slightly cemented. The clasts are
coated by clay, which include carbonate concentrations. The OSL age of Unit 2 is

112+6 ka.

Interpretation — Unit 2 has characteristics of a debris-flow derived through the

adjacent channel from the mountain slopes at the south. Unit 2 truncates unit 1 and is
overlain by unit 3. The inclination of this unit to the south, opposite the flow
direction, probably reflects a post deposition tectonic displacement. The northern end

of the unit may have also been uplifted along the Nesher fault.

Unit 3
Unit 3 unconformably overlies unit 2 and is truncated in the western wall by unit 4
and in the eastern wall by units 4, 5 and 6. In the western wall and part of the eastern

wall it is exposed on the surface where its upper part is weathered and disturbed.

Unit 3 consists of massive, reddish-brown (dry color — 5YR3/3 — dark reddish brown)
clay unit, which contains up to 10-15% clasts up to 10 cm in size. The clasts are
composed mostly of dolomite gravels and small reddish carbonate concretions. The
clay has prismatic structure manifested by deep vertical cracks forming columnar
structure, with slickensides on fracture planes. There are no clear pedogenic horizons
in the sequence and it contains two types of calcic nodules: 1. hard brown disorthic,
multiphase calcic concretions (5-6 cm) with variable shapes (from sub-rounded to
flat), which show internal concentric laminar texture with central or peripheral voids
coated by calcite crystals forming geode-like structure. The outer part of the nodules
is reddish-brown and the concentric layers are paler from inside to outside. The

external layers are grayish in color and are composed of the youngest carbonates.
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Some of the concretions are already weathered by solution and form micro-
speleothems within the void. This type of nodules is more common in the lower part
of the sequence. 2. Orthic, soft, white calcic nodules (3-5 cm) disseminated in the
clay, especially along cracks. These nodules show no internal structure and their
number increases in the middle and upper part of the vertisol. Some clasts are partly
coated by reddish and/or grayish carbonates. The clay contains also manganese and

iron concretions up to 0.5 cm in size. The unit is compact but slightly cemented.

EpiPaleolithic chert microlites were found at point 10.5m on the log of the eastern
wall, about 0.8 m below the top. This type of tools is typical to a prehistoric culture
dated to 20-10ky BP (Ronen, A., pers. comm, 2006). It is not clear if these tools are
found in situ or they were penetrated from the surface into the clay sequence through

seasonal open fractures.

Three samples were taken for OSL dating from the eastern wall between 5.5m and 6.5
m on the wall, where the unit thickness is maximum: sample No. 13 at the base of the
unit yielded an age of 137ka £19; sample No. 14 at the middle part of the unit, yielded
an age of 69ka £7; sample No. 15 at the top of the unit, yielded an age of 48ka +4.
Three samples were taken from the western wall. The Lower most sample (No 19),
yielded an age of 73ka +4; sample No 20 form the middle part of the sequence,
yielded an age of 52ka+2; sample No. 21 from the upper most sequence yielded an
age of 27ka+1.The age of the vertisol that underlies unit 4 in the western wall (sample
17), is 75ka+4ka.

Interpretation — Unit 3 is an alluvial-colluvial clay unit that filled a slowly subsiding

structural depression and developed into a cumulic Vertisol with carbonate nodules.
The tectonic depression was developed south of the Nesher fault due to the southward
tilting of unit 1, toward the southern fault. The accumulation of this unit terminated
when the subsidence stopped and therefore, the age of its upper indicates end of the

tectonic activity along the Nesher fault.
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Unit 4

Unit 4 unconformable overlies unit 3 with a clear contact and is overlain by unit 5
with gradual undulating contact in the western wall and is truncated by unit 5 in the
eastern wall. It is up to 2 m thick, horizontal, and appears only south of 3 m on the
log. In the western wall it terminates abruptly, forming a 2 m high vertical contact

with unit 3.

Unit 4 has the same lithological characteristics as unit 2. It is poorly stratified,
consisting of moderately sorted gravel, which forms clast-supported gravel
(composing 50-60% of the sequence). Most of the gravels are dolomite ranging in size
up to 60 cm. The gravels are coated with clay and very little carbonates.

The matrix is composed of dark brown clay (dry color — 5YR3/3 dark reddish brown)
with small rock fragments of sand to grit size. It contains little carbonates and few
small carbonate nodules, and small manganese and iron concretions. The unit is very

compact, but slightly cemented. The OSL age of Unit 4 is 41ka+2.

Interpretation — Unit 4 has characteristics of a debris-flow derived through the

adjacent channel from the mountain slopes at the south. However, its morphological
position in relation to Unit 3 is not entirely clear. It might represents a fill of a channel
entrenched in the clay of Unit 3, although the vertical contact with this unit can not be

easily understood through this interpretation.

Unit 4a (The western wall)

Unit 4a overlies unit 4 with a gradual contact. It consists of gravel floating in clay and
silt matrix. This unit disappears near the southern edge of the trench (0 on the western
wall) and its thickness increases toward 3 m on the wall, where it terminates abruptly,
forming a vertical contact with unit 3. It is not clear if this is the upper part of Unit 4

or a separated unit.

Unit 5

Unit 5 is exposed in the southern part of the trench between 0 and 3 m on the western
wall and between 0 to 9 m on the eastern wall, where it overlies a clear truncation
surface. The unit is 0.3-1.2 m thick consisting of angular dolomite gravel up to 30 cm

in size (frequent size 6-7 cm.), in clast-supported or matrix supported structure.
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A stage II-III calcic horizon about 40 cm thick developed above the lower contact.
Clay and silt matrix with granular texture fills the voids between the coarse gravel
(dry color — 7.5 YR4/4 dark brown). The matrix contains increasing amounts of
carbonates towards the base of the unit where a stage II-1II carbonate soil developed.
This calcic horizon includes 40% gray angular nodules 2-3 cm in size, carbonate
bridges and carbonate coatings are found at the bottoms of clasts. The unit is compact
and slightly cemented. In the western wall the upper part (50-60 cm) is disturbed.

The OSL age of this unit in the eastern wall (sample 16) is 78 ka £8.

Interpretation — Unit 5 is a coarse alluvial unit probably derived through channel from
the mountain slopes at the south. The stage II-1II carbonate soil at the base of the unit
indicates relatively longer exposure time and no significant deposition. The age of this
unit is older than that of the underlying units 4 and 3, and therefore it should be
treated carefully. Such inverse order of ages can be explained by a deposition of
debris flow, which delivered older colluvial materials from the nearby slopes, or

caused by a problem in choosing the sampling site within the unit.

Unit 6 (The eastern wall)
This is a small gravel lens, which accumulated near a north facing step in the chalk of

the Adulam Formation (between 29m and 33 m on the eastern wall).

Unit 7 - The upper cover

Young colluvial sediments overly the sequence of the trench (units 1-6), as well as the
truncated chalk of the Adulam Formation. This unit is mantled by a dark-brown
horizon of an undeveloped brown (moist color — 5YR3/3 dark reddish brown) soil
consisting mainly of clay, silt, organic materials and dense root framework. This
organic rich horizon is 10-50 cm thick with granular texture, and it is mostly
disturbed. In the northern part of the trench this unit contains pieces of pottery.

In the western wall the upper cover is undivided while in the eastern wall it was

subdivided to three units.
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Subunit 7a(The eastern wall)

Subunit 7a is exposed in the southern part of the trench. It is 0.6-1 m thick and
overlies unconformable units 5 and 3 in the eastern wall with clear and wavy contact,
probably associated with slight truncation.

It is consists of poorly stratified and sorted, matrix supported coarse gravel (40-50%
of the sequence) up to boulders of 50 cm, with occasional imbrications. The gravels
are composed mainly of dolomite.

The silty-clay brown (moist color — 5YR4/4 reddish brown) matrix contains
disseminated carbonates, carbonate nodules up to 1 cm in size and partial carbonate
coatings at the bottom of some gravels (stage I+) at the base of the unit. At the
uppermost 70 cm the unit is disturbed by human activity and contains roots. The unit

is compacted at the lower part and is slightly cemented and friable at the upper part.

Interpretation — The structure of this coarse unit may suggest debris flow, probably

derived through the channel from the mountain slopes at the south.

Subunit 7b (The eastern wall

This unit is exposed in the central part of the eastern wall of the channel. It overlies
with clear contact the truncated chalk of the Adulam Formation (from 25-26 m and
from 29-33 m on the wall) and is overlain by unit 7c.

Subunit 7b is consists of 0.2-0.5 m thick, poorly stratified and moderately sorted,
matrix supported gravel up to 8 cm in size (composing 20-30% of the sequence). The
gravels are composed of dolomite, limestone, chert and chalk.

The clay loamy matrix is brownish (moist color — 7.5YR4/4 dark brown) and contains
large amounts of disseminated carbonates and carbonate concentrations in the form of
miceliae. The amount of carbonate increases towards the bottom of the unit near the

relatively impermeable bedrock. The unit is slightly cemented.
Interpretation — The unit fills rectangular depressions which were excavated in the

bedrock and are related to the Roman-Byzantine period. A Roman-Byzantine

structure was found at the northern end of the eastern trench.
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Subunit 7¢ (The eastern wall)

The unit is 0.4-1 m thick and extends from 29-35 m on the log. It unconformably
overlies unit 7b and the truncated chalk of the Adulam Formation with clear contact.
At few places a thin calcareous crust (Calcrete?) coats the contact with the chalk.

It is poorly stratified, moderately sorted, matrix supported, 10-20% gravel up to 6-7
cm in size. The gravels are composed of dolomite, chert, limestone and chalk floating
in a friable-slightly cemented, loamy clay matrix, The unit contains plenty of pottery

fragments and some prehistoric chert tools.

Interpretation — This is a colluvial unit, which was probably deposited during the

Roman-Byzantine period.

2.4 Discussion

Two different sequences are exposed in the walls of the trench, separated by the
Transition Zone, which is located on the extrapolated trace of the Nesher fault. A
truncated, northward tilted sequence of the Early Eocene Adulam Formation builds
the walls of the trench north of the Transition Zone and a southward slightly tilted
alluvial-colluvial sequence is exposed on its southern side.

The northward tilted sequence of the Adulam Formation is truncated and covered by
young soil and gravel, which contains pottery fragments. This sequence is not
disturbed by the fault.

The deformation of the Adulam Formation increases toward the Transition Zone. In
the southern part of the trench the Adulam Formation is densely fractured and lateral
offset of few tens centimeters were observed in the Hard chalk. Near the transition
zone all the chert layers and chert nodules are intensively crushed and a few meters
wide zone of composed of breccias of chert and marl is attached to the contact with
the alluvial sediments. We interpret the Transition Zone as a shear zone which marks
the trace of the Nesher fault although no clear fault plane is observed, probably due to
the soft marl and chalk lithology.

The gradual transition from colluvial-like sediment near the transition zone to a
vertisol further southward (unit 1), suggests that a small depression developed near
the fault during its deposition. This subsiding small basin served as a local
sedimentary trap for fine clastic sediments, which transported by runoff from the near

slope, and also for wind blown dust.
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Unit 2 is a debris flow that originated from a colluvium that was accumulated on the
nearby Carmel slope, which is built of dolomite of the Yagur Formation. It was
deposited in a single event on the alluvial fan forming a 1-2 m thick gravel layer. Its
lower contact manifests a flat surface of the alluvial fan during its deposition,
indicating that the previous tectonic depression south of the fault was filled by
sediments.

The tectonic activity was renewed after the deposition of unit 2. Unit 3 was
accumulated in a slowly subsiding depression, which developed south of the Nesher
fault. The southern boundary of this depression is not exposed in the trench.
According to the OSL ages obtained from unit 3, it was accumulated during the Late
Pleistocene, starting about 40ky after the deposition of the 112 ka old unit 2. The
upper time limit for the deposition of unit 3 is not clear. The OSL age of its top (27ka)
and the EpiPaleolithic tools found in its upper part (10ka-20 ka old) are younger that
the OSL age of the overlying units 4 (41 ky old) and unit 5 (78ky old). The reasons
for the inverse order of ages are not yet well understood and therefore, we prefer to
rely on the vertisol ages for our tectonic interpretation.

However, units 4 and 5 are horizontal, and therefore are considered as post tectonic
sediments forming the upper time-limit to the slow subsidence represented by unit 3.
Since we are not certain that the Paleolithic tools in unit 3 found in situ, we consider
the OSL age of the upper part of unit 3 as the time limit for the tectonic activity along
the Nesher fault.

The slow rate of deformation and the lack of small-scale stratigraphic markers in the
vertisol of unit 3 do not allow to distinguish between distinct earthquake-related
faulting events. However, the results suggest that the Nesher fault was active during
most of the Late Pleistocene. Since it is only a short fault, which branches from the
main regional system, it represents the timing of the tectonic activity along the Carmel

fault rather than earthquake magnitude or recurrence interval.

2.5 Conclusions
Two periods of tectonic activity, accompanied by surface deformation were identified
along the Nesher fault. 1. Subsidence of a small basin south of the main fault occurred

before the deposition of unit 2. This is evident by colluvium that was accumulated
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south of the fault trace and the clay that accumulated in a small depression further to
the south.

2. A slow subsidence of a small basin occurred south of the Nesher fault after the
deposition of unit 2. This continuous subsidence resulted in southward tilting of unit 2
and accumulation of unit 3 in the developing depression. This stage lasted for almost

50ky and was terminated towards the end of the Pleistocene at about 27ka..

It is assumed that these two periods of activity represent the timing of seismic activity
along the entire western segment of the Carmel fault (Between Jalame and the
Mediterranean). Yet, since this paleoseismic data is related only to a small branch of
the fault it can not represent the magnitude of the seismic events on the main fault.
Hence, the timing of the activity periods, as well as the accumulated displacement
(which is a proxy of the earthquake magnitude) should be considered as minimum

values in assessing the seismic hazards in this region.
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3. The Shutter Ridge

3.1 Introduction

A shutter ridge is a barrier formed across a stream-valley by tectonic activity, which
blocks the downstream flow (Burbank and Anderson, 2001). The barrier can be
formed by vertical (normal or reverse) or lateral displacement. The blocked stream
can change its course and flow around the barrier or it can fill the reservoir formed
behind the tectonic dam by sediments that accumulate up to the top of the barrier and
then overflow it.

Two sites in streams that were blocked by shutter ridges were found along the Carmel
fault (Fig. 1), both located along the N-S oriented segment that extends between
Yoqgneam and Jalame (Achmon, 1986, 1991; Ashqar, 2006). This segment was
considered by Achmon (1986) a restraining bend, associated with intensive
deformation and block rotation. He estimated that the shutter ridges were formed due
to young lateral offset of about 300 m.

The shutter ridge selected for the present study is located at an outlet of a small
stream, about two km long (coords. 20950/23205). It separates between the upper
reach of the stream channel that incised in the steep northeast-facing slopes of the

Carmel and its alluvial fan, which was deposited north of the slope margins (Fig. 11).

3.2 Geological Background

The northeastern slope of the Carmel Mt. is composed in the study area of a NE tilted
Turonian sequence. This sequence builds unstable slopes with abundant landslides,
and in fact it is difficult to find a slope that was not disturbed by some kind of mass-
movement.

The Carmel fault crosses the eastern margins of the Carmel, forming a shear zone
several hundreds meters wide (Achmon, 1986). The Shutter ridge is composed of
eastward tilted bedded limestone, which forms a narrow ridge that extends several
hundreds meters to the south of the stream (Fig. 11). A flat alluvial terrace covered by
colluvium and soils, developed along the western backside of the ridge (Fig. 12). In
the west this terrace is bounded by a fault that runs along the Carmel slope (Fig. 13).

Additional faults occur further to the west on the steep slopes.
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Fig. 11 — Tectonic and morphologic elements in the study area

A large morphological cirque was formed by landslide scar between altitude 200 and
300m in the upper stream valley (Fig. 11). This landslide blocked the stream channel
and formed a series of knick points expressed as dry waterfalls. This barrier also
prevented alluvial materials from reaching the down stream channel and therefore

enhanced an incision regime near the stream outlet.

3.3 Morpho-alluvial units
Several morpho-alluvial units are distinguished in the lower reach of the stream (Fig.
11).

1. An abandoned alluvial fan, incised at present by the narrow active stream-
channel. This alluvial fan consists of coarse gravel, which forms a typical
conic shape sedimentary body. The apex of the ancient alluvial fan is located
few tens of meters north of the shutter ridge. The gradient of the alluvial fan is
greater than that of the present channel (Fig 14) and its surface is modified by

man-made terraces, which were used for agriculture.
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Fig. 13 — The fault plane that forms the western boundary of the

Back Barrier Terrace
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2. The present alluvial fan, which has a lower gradient and is narrower than the
older one. Its apex is located near the northeast margins of the abandoned fan
and it seems that there is not much accumulation of sediments along its rout.

3. The Stream Outlet Terrace is a coarse gravel terrace, located along the
western side of the present stream opposite the Shutter ridge. Its top is
elevated 4.5m above the present stream channel and it is connected to the
colluvial apron of the nearby slope. The upper part of the terrace is capped by
fine-clastic sediments (sand, silt and clay) and small gravels. This terrace
reflects the bottom of a stream valley that surrounded the shutter ridge.

4. The Back barrier Terrace is a remnant of an alluvial sequence 7-10 m thick
(Fig. 15) that was accumulated beyond the shatter ridge. The top of this
sequence forms a flat terrace, which extends southward, bounded by the
shutter ridge in the northeast and a fault plain in the southeast (Fig 12). This

sequence was the target of the present study.
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Fig. 14 — EDM profile of the shutter ridge stream channel and the fluvial terraces
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3.4 The sequence of the Back Barrier Terrace

The sequence of the alluvial fill, which accumulated beyond the shutter ridge, is
exposed along the eastern bank of the stream.

Two types of sediments were found in this outcrop, both exposed in the lower part of
the sequence. The upper part is covered by thick colluvial materials and was not

excavated during the present study.

Unit 1

Unit 1 is exposed in the western part of the outcrop. It is 2.5 m thick, its base is not
exposed and it is unconformably overlain by unit 2. It consists of poorly stratified,
poorly sorted, matrix supported gravel (composing 10-20 % of the sequence) up to 10
cm in size. The gravels are sub-angular, shattered and weathered and composed
mostly of basalt and tuff, dolomite, limestone, chalk and marl. Clay matrix contains
about 40% disseminated carbonates. Moist color — 2.5YR3/4 dark reddish brown.

The unit is compacted and moderately cemented.

Four samples were taken from this unit for OSL dating (see appendix and Figs 16,
17). The age of the lower part is 146ka = 20; and of the upper part is 24.5ka £ 2.5.
Sample Car- 2a (16.1ka £ 1.9) seems to be too young, probably due to infiltration of
young silt into the sequence.

Unit 1 is covered by sediments consisting mainly of reworked Terra Rossa soil and
small gravel (Unit 2). We do not know if these two parts of the sequence were
accumulated continuously or they represent two different events, as suggested by the

abrupt lithological change

Interpretation — Unit 1 is an alluvial unit derived from a drainage basin where basalts
and tuffs are exposed. Although it was slowly accumulated during more than 120 ky,

it does not show any clear paleosol profile.
Unit 2

The lower part of unit 2 is exposed near the Shutter ridge. It is composed of poorly

sorted, poorly stratified, imbricated, clast-supported coarse gravel (composing 50-
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70% of the sequence), up to boulders of 50 cm in size (frequent size 7 cm) (Figs 15,
17). The gravels are sub-rounded and are composed mainly of limestone and
dolomite. This coarse facies is overlain by stratified, well sorted clast-supported fine
gravel up to 7 cm in size. The matrix consists of brown clay and silt (Moist color —
2.5YR3/4 dark reddish brown) and contains disseminated carbonates. The unit is
compacted and slightly cemented.

Two OSL ages were obtained for the lower coarse part of the sequence (Fig 17). Its
base is 3.5 = 0.4 ka BP; and the age of the overlying finer bedded sequence (2.5 m

above the stream channel) is 2.3 kat+ 0.4.

A similar lithological facies overlies unit 1 about 20 m upstream. Here it consists of
massive, matrix supported loamy clay which includes increasing amounts of clasts up
section from 5% at the base of the unit up to 30% at the top of the unit. The clasts are
moderately sorted, angular, up to 2 cm in size at the base of the unit and becomes
poorly sorted, 3-15 cm in size with a frequent size of 5 cm towards the top of the unit.

The clasts are composed of limestone, dolomite, chalk and bituminous chalk.

The matrix is reddish loamy clay (moist color — from 2.5 YR3/4 dark reddish brown
at the base of the unit to 7.5YR/3/4 dark brown at the top), and contains decreasing
amount of carbonates up section from about 12% at the bottom of the unit to about
8% at the top. The unit is compacted and slightly cemented at the base and friable at
the top.

Interpretation — Unit 2 consists mainly of fast accumulated alluvial-colluvial
sediments, which represents the present weathered materials of the nearby Carmel
slope and the rocks exposed in the drainage basin of the stream. The matrix is
basically a reworked Terra Rossa soil and probably also some brown Rendizna. The
similar lithological character of this unit near the shutter ridge and above unit 1
further upstream, may reflects a continuous accumulation. However, this point must

be clarified by additional dating from the upper part of the sequence.
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3.5 Discussion

In order to examine the possibility of tectonic activity along the Carmel fault, the
thick sequence, which was accumulated beyond the shutter ridge, must be explained.
It might be argued that this accumulation is not necessarily a result of stream
blockage, but it may also reflect a negative balance between water discharge and
sediment yield (Low water/sediment ratio) from the drainage basin (Schumm, 1977).
Such situation could be related to a climatic deterioration or anthropogenic activity
resulted in destroying the forest and intensive slopes erosion. However, in such case a
similar sediment accumulation should have been found also in other streams along the
Carmel Mt. and so far such accumulation along other streams, is not known.

Hence, the basic hypothesis in our interpretation is that in order to accumulate such a
thick sequence of alluvium in a high gradient stream (about 11%), we must assume
some disturbance to the down stream transport of the alluvial sediments.

We did not find any clear evidence to a morphological-sedimentological barrier such
as debris flow or landslide near the outlet of the stream, and so the rocky shutter ridge
is left as the only possible barrier.

The stratigraphic sequence of the higher terrace reflects two different sediment
sources: The older part is composed of materials derived mainly from exposures of
soft rocks and pyroclstic units. The younger sequence is composed mainly of
reworked Terra Rossa soil with some gravel derived mainly from hard carbonate
rocks (dolomite and limestone).

The age of these two alluvial-colluvial units and their field relations, indicate two
different periods of accumulation separated by an incision event. The older unit was
accumulated slowly during more than 100ky, starting before some 146ky and
continued until 22ka-27ka. This period was terminated by incision of the stream up to
the present level of the stream channel, so the accumulation of the younger unit
started before some 3.5 ky from the same level as unit 1. The second accumulation

phase was short and terminated before 2.3 ky.

The volcanic gravels found in unitl raise a question concerning their source, because
there are no exposures of volcanic rock mapped so far in the drainage basin of the
studied stream (Segev in prep.). Such rocks are exposed in a drainage basin of an

adjacent stream further to the south. Hence, the existence of such gravel in the study

29



site can be explained in several ways: 1. volcanic rocks were exposed in the past in
the drainage system of the studied stream but were covered later by landslides. 2. Unit
1 was tectonically displaced to its present site from an alluvial fan in the south. 3. The
gravels were transported to their present site by a north flowing stream that drained
volcanic outcrops in the south. So far we do not have enough data to decide which
hypothesis should be adopted and additional field work is required in order to clarify
this problem.

The incision event that separates between the depositions of the two alluvial units
reflects a major change in the hydrology of the stream, which prevented alluvial
materials from the upper drainage basin to reach its outlet. It is suggested that this
change is related to a large landslide that formed a barrier and a high waterfall a few
hundreds of meters upstream. The age of this landslide should be younger than the

age of the top of the older unit, e.g. 23.5ka.

Hence, we suggest that the thick sequence (8 m) found behind the shutter ridge
reflects two episodes of stream blockage, due to a northward displacement of the
shutter ridge.

The barrier which was formed in the younger episodes (e.g. about 4ky BP) was
several meters high and triggered rapid accumulation of alluvial and colluvial
sediments. The stream broke through the shutter ridge not earlier than 2.3 ka and

incised rapidly to its present level.

Additional evidence for young tectonic activity is manifested by the Stream Outlet
Terrace, which reflects accumulation of coarse alluvium in a stream valley that
surrounded the shutter ridge. This terrace, which has a sub horizontal upper surface,
indicates a low-relief valley bottom, which is not in accord with the downstream
abandoned steep alluvial fan. There is a sharp gradient change between the terrace and
the ancient abundant alluvial fan further to the east and it seems that it is hanging
above it. Such relations could have been formed by uplift of the terrace in relation to
the eastern margins of the Carmel ridge. We do not know yet what is the age of this

terrace but, it is clear that it supplies time-constraint on the stream blocking.
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The morphological relations between the old and the present alluvial fans of the
stream are also typical to an uplifting terrain. The apex of the present active alluvial
fan is located at the margins of the old fan, indicating a migration of the base level to
the north as a result of uplift of the old fan together with the mountain front (Denny,
1967; Bull., 1977).

3.6 Conclusions
Two groups of evidence are presented here for young tectonic activity along the
Yogneam-Jalame segment of the Carmel Fault.

1. Young uplift of the mountain front is manifested by the hanging position of
the Outlet Terrace in relation to the old alluvial fan of the stream, and the
development of recent telescopic alluvial fan in the northern margin of the old
abandoned one

2. Two periods of stream blockage, probably by horizontal displacement of a
rock slab along the Carmel Fault, were identified so far. The first period is
associated with slow accumulation of sediments beyond the shutter ridge,
which lasted between 146 ka and 24.5ka. The second period was associated
with fast accumulation, which lasted between 3.5 ka and 2.3 ka. A period of
stream incision separated between these two periods of sedimentation.

If we relate the deposition/incision processes in this small stream to tectonics alone,
we may reach the conclusion that the stream was blocked in the first time at the
beginning of the late Pleistocene and again in the Late Holocene. For our purpose it is
more important to evaluate the tectonic origin of the second young event and to

eliminate other causes that might result in a similar reaction of the fluvial system.

In order to achieve this goal we must date the entire sequence of the Inner Terrace, the
sequence of the Outlet Terrace and the abandoned alluvial fan. We also have to
conduct a more regional research in order to find if accumulation of thick alluvium

also occurred in other streams, which drain the northern mountain front of the Carmel.
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4. Summary

The present study show evidence for continuous tectonic activity along the Nesher
fault during the Late Pleistocene, but it seems that during the Holocene this branch of
the Carmel fault was stable. Tectonic activity also occurred during the Late
Pleistocene along the Yoqneam-Jalama segment of the Carmel fault but here there are
also indications for Middle to Late Holocene activity.

We intend to continue our study in the two sites in order to collect additional data that
we hope will clarify the tectonic picture. We will date the upper part of the sequence
of the Back-Barrier Terrace and will try to establish a better chronosequence in this
site. We will trench the southern part of the alluvial fan in the Nesher fault site in
order to clarify the relations between the fault and the various sedimentary units, and

will try to obtain a better age constrain on the tectonic activity.
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I8N
PNYN TIIND DINN MY IPTI) 9NN IV PIIAT PHRYI DPHOMDINDIN DMIPNNT NINDNI
-2990Y TUNN W) DY VYNN HYIND NN P2 DNION PRYNN DNONNND LAY PRYN .1 .5n70N
DY DMNAXN MITINN NN TPIND PPN HY MLPL DIDNN .2 .NDN PYN 17D IN 21IYN-NAN
9970 BYIPY P2 5NN PNYN DY YOPN TIRD NPORNDY TIPAINR NN T DY I8NY H1NION

NNNXD : TENVPL MDY DY MNPN SNV NPITY INNN) W) PNYNY A8 NNV NDyN2
ININHDD JPIVDMOON NMPNI NIV (MY 176,000 -5 9Y) NINN JPLD»YaN 9101
ONYN 10,0000 MIMIN NDPNYND NPITY INND KO (0t "D v 75,000-27,000)
(MMINNN
1I20NN 12 YPY IS OIDITN YT DY TPOUIX MYINWN NYN IV PNYN DY MDYan mMmpna
INON PNOONN JPIVDHHI YAVINY TNNN 22 .DINIDININD INNINN DN DONDIN DOVINYTO
NVONN TO NN GPYNN A 3-4 -5 DY Y2V SNPDIN TNN TIVNN ININDN JPIVD»HI TN INT
PIYNN DY NH20V8NN

LD NINYI ,NLWN N NX NANNN VIPYP DR N8N NYYND 299010 DIV NIND NND
-NN NPONN MNPOPD INYNI NNY NTIPIA .PNYNN YT DY DMIVNOVID MIVY 190N HY NYwa
2V NN DY DOPIN
NN N TN ,DMNDMD DIYIN DY NTIVINNT D) WAPY MTVAND JON I PNYNN NPITYN
NN ITONIY NMTYN OIVN PNRYNL I THY INRD ,NNT DY .91NIDN0 PNYNN DY MDyad yno
PIYN PRYNN DY NYNINNY MOYANN PON P IRDN DI NNXMN
NIYON NOVW TPVRIN MDYAD 1IN IPNNRT IMN 7PN JPINNN NPN YSNNND DNNY PIND v
JONVPL MDPYAD NPITY YD) YAV NIINA IV DIVINTOD

DYININYI DOVINTO MIIVXN HY MNPN NYD NMTY INNN) MNVPLN DIPNNN GNY1
D%V 100,000 -5 JwNI NYNIND PVIR MIIVKN :MINNNN NMPN NI OPPIYO
MY 3,500 -5 A5 NONN NPNN MIIVXN MY 26,000 -5 MNAY TY ,ININNDN JPIVD»YA]
DINN 2APY PPAND DY NMINT NNDIONI NON NMNIVIN DNMD M) .MV 2,300-52397 NNPNOM

NINNR NPIVAR D19WD 1IN DY G0N IPNN NYV 1T XY TR ,IVPLN DIDNNN DY NONNY

N3 .1 ONVPLN DIDNNN NN INID) MANNY PRYD DN DNION DY NNIND NPYTY SNV
NINYNIN NIV GND NN YN OXTNR DIV NNNNIN PINON” NDIV DRI ,0IONN DN
N9INN DY DPNINN DMNWNRNN NNNONN PIOND DY TPNONN GNDN NN .2 .NY NISNH
DINNIN DN MIIN TIVANNDD - DYDN ,7IPNPOIV NOMNY NI NYIVIN NHPTIPN

.NINN D DY DN PR PITY .MNMINN PYNNI
NAPN NDA PNIOY Y9 PN HNIDN PRYINY N2W DINNRD MNYN DONIY NIMTYNN
NMPNN PONI DIV PN ININDD JPIVDMYON NAPN 21 TNXRD NINN )PHVD»HaN
IPIVDMOANN I PHM NNN JPIVDMOIN NNPN NDA Y 7PN W PRYN PN

APIPNN NMPND IMIOYAD NPITY PN TN, INNNDN





