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2 Abstract "'י!\ 

The cities of Haifa and Eilat and their neighboring cities are sited on the active 

Dead Sea Transform Fault and its major branch the Carmel Fault. Earthquakes of 

magnitude 7 and above in the Eilat area, and 6 and above in the Haifa Bay area 

are possible. Thus, and as both cities forms areas with a large population, the 

. seismic hazard is high 

In the present study we tried to evaluate some components of the hazard of the 

area. We surveyed both areas for paleoliquefaction features, we made a 

geotechnical study and in the Haifa area studied the neotectonic and 

. paleoseismology ofthe Carmel Fault 

No paleoliqefaction features were observed in sites in the Haifa and Eilat Bay 

areas although these sites had the potential to have such features. The Carmel 

Fault is seismically active and it displaced Pleistocene features such as alluvial 

. fans and stream channels 

No evidence for surface rupture was detected in the trenches opened along the 

Carmel Fault although faults were located in a seismic line. A zone of 

deformation was located in the trench underneath the fault scarp directly above 

one of the faults identified in the seismic line. This could be interpreted as a blind 

. fault 

It is possible therefore to conclude that although the Carmel Fault is seismically 

active and it displaced Pleistocene features such as alluvial fans and stream 

channels, there was no surface rupture along it during the last few tens of 

thousands of years. This may be because during this time the Carmel Fault did not 

initiate earthquakes with magnitude M>5.5. It may be that the recurrence time of 

earthquakes that cause surface rupture on the Carmel Fault is longer than tens of 

, ed חthousands of years. Still, as suggested above, although no fault rupture occu 

. ed during that period חthrusting and deformation ofthe surface might have occu 

The geotechnical studies described in the above sections have indicated a 

significant difference between the liquefaction potential of the Eilat and Kishon 

sites. The Eilat site appears to have a potential for liquefaction under the action of 

an earthquake of magnitude 6.0 or greater, producing a peak ground acceleration 

of 0.3g or more. On the other hand, at the Kishon site, a peak ground acceleration 
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of O.3g would only be expected to cause liquefaction if it resulted from an 

earthquake of magnitude about 7.5. It is not surprising, therefore, that no signs of 

paleoliquefaction are evident at the Kishon site. On the other hand, such signs 

may have been expected at the Eilat site, since magnitude 6 events, developing 

peak ground accelerations ofO.3g, may conceivably have occurred in the past. 

 Iי"":

,'7\l1lI 

It seems therefore that earthquakes with magnitude of 6 and above (that rupture 

the surface) did not occur along the Carmel Fault in the last few tens ofthousand 

of years. The geotechnical information suggest that liquefaction in the Haifa Bay 

would occur as a result of earthquakes greater than 7.5. Such events did not occur 

on the Carmel Fault for a very long time and thus the non-finding of 

paleoliquefaction features is not surprising. It is therefore suggested that the 

seismic hazard resulting from surface rupture or liquefaction in the Haifa Bay area 

is not high. 

In Eilat, an area producing earthquakes with magnitudes higher than 7, the 

geotechnical studies show that liquefaction could occur as a result of an 

earthquake of magnitude 6 or higher. Therefore, the non-finding of 

paleoliquefaction features is surprising. We suggest that the seismic hazard of 

Eilat, as a result of liquefaction must be regarded as high. 
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3 Introduction ."1Iii\ 

Iרז!!I\ 

The city ofHaifa, a metrop01is inhabited by 700,000 peop1e and a major industria1 

area of Israe1, is situated a10ng the active Carme1 Fau1t (Figures 3.1). In August 

1984 a magnitude 5.2 earthquake, 10cated on1y 10 km east of Haifa, occurred 

(Figure 3.2). Prior to this event, there is no record of earthquakes with magnitudes 

greater than 5 a10ng the Carme1 Fau1t; therefore the frequency-magnitude re1ations 

for this fau1t are not known. lt has been suggested (Wachs and Siman-Tov, 1991) 

that this fau1t is capab1e of producing earthquakes with magnitudes of 6.0 or 

1arger. Such an earthquake cou1d cause heavy 10ss of 1ife as a resu1t of direct 

damage to structures and of environmenta1 disaster. The potentia1 environmenta1 

damage from a strong earthquake is enormous due to the 1arge number of 

chemica1 p1ants in the vicinity, e.g. underground pipe1ines containing flammab1e 

gas or potentia11y p011utant 1iquids. 

The city of Ei1at and the neighboring city of Aqaba are simi1ar1y sited on the 

active Dead Sea Transform Fau1t (Figs. 3.1). Ei1at is a major tourist town and 

together with Aqaba forms an area with a 1arge popu1ation. Earthquakes of 

magnitude 7 and above are possib1e in the area (Vered, 1978). 

Many structures (industria1 and residentia1) in Haifa and Ei1at were not designed 

for such earthquakes. The prob1em is compounded by the presence of unfavorab1e 

ground conditions (e.g. materia1s that amp1ify seismic waves), meaning that a 

1arge earthquake cou1d resu1t in a disaster. 

In order to eva1uate the seismic risk of an area, in addition to recognizing its 

seismic hazards, know1edge of the area's seismic history is necessary. The seismic 

histories ofboth areas are poor1y known. 

Common methods of studying the seismic history of an area inv01ve trenching of 

active fau1ts, geomorph010gica1 studies and other techniques 100se1y grouped 

under the term pa1eoseism010gy. These methods can provide information about 

the magnitudes of past earthquakes. Sti11, this method does not yie1d data about 

past ground acce1erations, which is of a primary importance in eva1uating seismic 

hazard. Under certain conditions, when high ground acce1eration occurs, 

particu1ar materia1s such as sand experience transient high pore water pressures, 

10se their shear strength and 1iquefy. Pa1e01iquefaction features are found in 
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seismically active areas and are indicative of development of high ground 

acceleration during past earthquakes. The Haifa and Eilat bay areas both have 

ground conditions which may facilitate the occurrence of liquefaction (Wachs and 

Siman-Tov, 1991; Wachs and Zilberman, 1994). 

In this study we tried to learn about the existence, or the significance of the non­

existence of paleoliquefaction features in these two areas, and in this way 

contribute to the documentation of their seismic histories. We carried out a 

geotechnical study in order to understand the nature of the ground and its 

engineering properties. We also made a paleoseismic study along the Carmel 

Fault in order to better understand the past earthquakes and their timing. 
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Figure 3.2 Seismicity along the Mt. Carmel Fault observed during the period 

Janllary 1984 to September 1988 (From Ron et al., 1990). 
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4 Geological Background f"iIII 

The Dead Sea Rift is the plate boundary between the Sinai-Israel subplate and the 

Arabian plate (Figure 3.1). This plate boundary is dominantly a left-lateral 

transform with a small extensional component, which opens the rift depression 

(Quennell, 1959; Freund et al., 1970; Garfunkel et al., 1981; Heimann, 1990). The 

transform, more than 1000 km long, links the Red Sea, where crustal spreading 

takes place, with the Taurus zone of plate collision. The slip postdates Middle 

Miocene time (Bartov et al., 1980) and is still active (e.g. Rotstein and Arie, 1986; 

Marco and Agnon, 1995). 

The southem part ofthe Dead Sea Transform is composed ofthe Arava Fault 

System, connecting the Dead Sea with the Gulf ofEilat. The city ofEilat is 

crossed by the Evrona Fault, one ofthe main faults ofthe Arava Fault System 

(Figure 3.1). The fault forms a shear belt 80-90 km long and several hundred 

meters wide, extending from the Y otveta Basin in the north to the Gulf of Eilat in 

the south (Garfunkel et al., 1981). Geomorphological studies indicate that this part 

ofthe fault is active (Gerson et al., 1993). Six hundred meters ofhorizontal 

displacement, detected on displaced alluvial fans, which occurred during the Late 

Pleistocene and the Holocene, were detected along the Evrona Fault (Zak and 

Freund, 1966). Evidence of repeated Late Pleistocene to Early Holocene vertical 

displacement has been observed along the westem marginal fault system of the 

southem Arava Valley, suggesting the occuuence of local earthquakes with 

magnitudes of6.0 and higher, once every 2000-3000 yearS (Gerson et al., 1993; 

Enzel et al., 1994). Based on these data, it was postulated that the southem Arava 

Fault System (the Evrona Fault) is capable ofproducing earthquakes ofmagnitude 

6.0-7 (Wachs and Zilberman, 1994). 

The Carmel- Farah Fault zone in northem Israel (Figures 3.1, 3.2) is one ofthe 

more important active elements in the geology ofIsrael and is considered to be the 

largest splay ofthe Dead Sea Rift south ofLebanon (Freund, 1965)(Figure 3.1). 

The fault, striking NW -SE and continuing into the Mediteuanean Sea (Figure 

3.2), was suggested as taking up some ofthe transform motion (Ben-Menachem et 

al., 1976). The fault separates the Yisrael Valley from Mt. Carmel with 400 m of 

post Miocene uplift and tilt (Picard and Kashai, 1958; Karcz, 1959). The two sides 
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of the line are characterized by distributed crustal defonnation and are underlain 

by major positive magnetic and gravity anomalies (Ben-Avraham and Hall, 1977; 

Ben-Avraham and Ginzburg 1990). Although a dip-slip component on the 

Carmel Fault is apparent, it is commonly assumed that a significant left lateral 

strike-slip component is also present. The offset was estimated to be 3-10 km (e.g . 

Arad, 1965; Freund, 1965). A more recent detailed study (Achmon, 1986) showed 

that the Carmel Fault is a wide fault zone rather than a single fault, and 

documented a young strike-slip motion of 500-1500 m on some of the fault traces. 

A series ofhigh-resolution seismic lines which cross the Carmel Fault showed a 

wide (0.8-3 km) zone ofintense defonnation (Rotstein et al., 1993). They 

suggested that where the fault trends N-S (compare to the NW-SE overall trend of 

the Carmel-Farah Fault) a large component of compression across the fault is 

evident, and this appears to be a major cause for the recent uplift ofMt. Carmel. 

More recent geophysical work (Achmon et al., 1994) details and supports the 

above conclusions. Using high resolution seismic reflection, Feigin (1994) 

showed that very young (Late Pleistocene - Holocene (?)) faulting affects the 

flood plain sediments of the Kishon Valley along the Carmel Fault. 

To summarize: faults in Elat and Haifa areas are very young; activity along them 

continued to the Late Pleistocene and Holocene. 

Israel and its vicinity is known as an area with relatively high seismicity (Figure 

4.1). This is observed in recent history (e.g. destructive earthquakes occurring in 

746, 1033, 1546, 1837, 1927 with magnitudes between 6-7.3; Ben Menachem, 

1979) and is monitored by the Seismology Division ofthe Israel Institute of 

Geophysics (previously the Institute for Petroleum Research and Geophysics) -

(IPRG reports and maps since 1980). 

The Carmel-Farah Fault zone is characterized by micro-seismic activity, which is 

as high as that ofthe Dead Sea Rift itself(Rotstein and Arie, 1986)(Figure 3.2). 

The city ofHaifa, situated on this active fault, is not only affected by nearby 

earthquakes, but is also vulnerable to the earthquakes generated on the Dead Sea 

Transfonn in northem Israel, just 50 km to the east (Shapira and Feldman, 

1987)(Figure 4.1). The Eilat area was recognized also as a seismically active area 

with increasing seismicity in the last years (Shamir and Shapira, 1994)(Figure 

4.1). 
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Trenching of active faults, a common method in evaluating seismic history, can 

only detect relatively large events, which rupture the surface. Moreover, local 

earthquakes with magnitudes as high as 7 can take place on a fault without rupture 

ofthe surface, and faraway earthquakes can cause high levels of ground 

acceleration in the areas discussed. Therefore, significant seismic events can 

affect the area and may not be recognized by methods that rely on surface rupture. 

Thus, a complimentary method for evaluating the seismic hazard and/or the 

seismic history is essential. 

In areas where the sediments are composed of unlithified sand saturated with 

water, seismic vibration of sufficient strength and duration may lead to a 

phenomenon known as ground liquefaction (e.g. Niagata, Japan, see Seed and 

Idris, 1982). When saturated sand is overlaid by an impermeable layer (such as 

clay), and is being liquefied, the sand penetrates the impermeable layer above it. 

The result is the formation ofpaleoliquefaction features such as "sand dikes" and 

mounds which can be recognized in the buried sediment section (e.g. Obermeier 

et al., 1990). Similar phenomena were recognized recently near the Dead Sea in 

the Upper Pleistocene Lisan Formation (Kadan et al., 1995). 

Most of Eilat and large portions of Haifa Bay areas are sited on unconsolidated 

sediments. Preliminary field investigations in the Haifa Bay area show that 

uniformly sized, unlithified sand deposits (based on standard penetration test 

(SPT) data) are common and widespread in the area (Wachs and Siman-Tov, 

1991)(Figure 7). The water table is less than 3 meters deep and is within the sand. 

Wachs and Siman-Tov (1991), and Frydman (1993) found that at sites where 

unconsolidated sediments are 40 meters or less in thickness, amplification of 

ground surface acceleration may reach up to 4 to 6 times the acceleration of the 

bedrock below. Wachs and Zilberman (1994) suggested that in Eilat amplification 

of the ground vibration might also occur; this was substantiated in results of 

propagation analyses carried out by Frydman (1994). Therefore, 

earthquake-induced liquefaction ofthe ground may be feasible for both areas 

during earthquakes ofmagnitude 6.0 or above in the vicinity (Wachs and 

Siman-Tov, 1991; Wachs and Zilberman, 1994, Figure 8), or during larger 

earthquakes along the Dead Sea Rift. 
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Sims (1975) concluded that the correlation of defonnational structures 

(paleoliquefaction features) with seismic events (rather than sedimentary 

processes) is based on the proximity to presently active seismic zones and the 

presence ofpotentially liquefiable sediments. This criterion applies in the 

proposed studyareas (Haifa and Eilat). 

Paleoliquefaction features, which exist ln shallowly buried unconsolidated 

sediments, indicate that the areas were exposed to strong ground acceleration from 

nearby earthquakes, or more distant but stronger earthquakes, that occurred in the 

past. An absence of paleoliquefaction features in the subsurface is as significant as 

their existence. This indicates that ground acceleration levels or the duration of 

the shaking were not sufficient to liquefy the sediments (e.g. Munson et al., 1995). 

Therefore, in the time span represented by the sediments, the active faults in the 

vicinity did not produce great enough ground vibrations at the sites to cause 

liquefaction. 

Dating the sediments, which were penetrated by the liquefiable sand, will indicate 

the maximum age ofthe seismic event(s) causing the liquefaction. Ifliquefaction 

does not exist, dating the base ofthe sediments will give a minimum time for a 

period in which liquefaction did not occur. This infonnation provides a major 

contribution to our knowledge ofthe seismic history ofthe two areas. 

1'1!1111 

 Iי'")

~ 

f1I!'I 

f'JI! 

f"I!I 

",. 

r'"' 

 Iי'")

r" 

r-

lדiiiII 

rו-

18 

ז-

• 

 ,זיי

<-



~ 

! 

-13-
~ 

5 Methodology ;ך!III 

 וi1iז'

The objectives ofthe research (as discussed above) were achieved through 

combined study of: morphotectonic and paleoseismology study; engineering 

properties of the sediments; and detecting and analyzing paleoliquefaction 

features. We here describe, brief1y, the different approaches (more details are 

given below in each specific chapter). 
1'!IIiI1 

i"III 
I 

5.1 Geomorpho!ogyand tectonic studies 
1'!1!11 

In order to evaluate the seismic hazard of the areas, the geomorphologic and 

tectonic settings of the regions were studied. This was achieved through the 

interpretation of old air-photos (predating vegetation cover and mad-made 

structures), field mapping, study of well logs and core drilling, and final 

integration of stratigraphic constraints on tectonic events. 

 ,וiiIק

,., 

)"1"11 

5.2 Pa!eoseismo!ogy ~ 

Paleoseismological study was carried out along the Carmel Fault. In order to 

evaluate the paleoseismic activity of this fault during the Upper Pleistocene and 

Holocene the following approaches and studies were carried out: 

1. Using the geomorphological infonnation, we searched at the base of the 

mountain front that the Carmel Fault fonned and inside it, in order to 

locate possible young faults, especially sites where thick soils and 

colluvial profiles are found. 

2. We located several sites south of Galami and one near Kibutz Yagur. 

Previous Ground Penetration Radar study of Feigin (1994) at the site of 

Yagur showed several potential faults. At the site south of Galami a high 

resolution seismic line was conducted by the Geophysical Institute of 

Israel. The results were interpreted by Dr. Ilan Brunner. 
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1"81 

3. 
I"!\ 

As a result of the previous studies, several trenches were excavated across 

some of the lineaments. These trenches were usually 30-70 m long, up to 6 

m deep and about 7-10 m wide. 

4. The trenches' walls were described in details at a scale of about 1 :20. 
I"!\ 

1'81 

I"!\ 

iquefaction ןeo 5.3ן Pa 

 ן8)

Liquefaction can affect relatively large areas and paleoliquefaction features, 

exposed on the surface, can be best seen in air photographs. According to 

Obermeier et a1. (1990) and our personal observations (thanks to Dr. Buddy 

Schweig, USGS) more than 25 percent of the ground surface of an area of 16 

square kilometers, located near New Madrid (US), which underwent liquefaction, 

is covered by vented sand. Therefore, it should be expected that where the 

sediments are homogeneous and spread on a relatively large area the liquefaction 

features will be widespread and spatially homogeneous. The geological setting of 

the two areas that were studied is similar in nature to the situation described above 

(Figures 4.2, 4.3). Unidentified spots resembling paleoliquefaction features were 

recognized by us, on old air photographs ofHaifa area in the first stages ofthe 

study. This site and others in the Kishon area, Ein HaMifratz and Kefar Bialik 

were thoroughly investigated, as well as the Hotel area in Eilat (as previously also 

discussed by Wachs and Zilberman, 1994). 

I"!\ 

f'1'II 
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l'iii!I 

5.3.1 Drjlling f""'\ 

Boreholes were drilled for establishing preliminary seismic and engineering 

characteristics of the soil profiles for use in the further research. The drilling was 

conducted using an Auger driller to a depth of up to 3 m. The drilling was carried 

on to ensure that the sediment cross-section has the potential make-up for our 
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5.3.2 Sjtjnq the trenches 
"\1II1II 

There are no natural exposures of sand near the contact with the ground water 

table. The sand is exposed on the surface, but does not fonn vertical exposures. 

Trenching of the sand is the only method by which liquefaction features, if they 

exist, can be exposed in the subsurface. Locating and choosing sites for more 

detailed field investigations and trenching requires specific knowledge ofthe 

ground conditions and recognizing earthquak:e-induced liquefaction features on 

the surface. 

In order to select potential sites for trenching, a detailed study of air photographs 

(identifying vented sand spots) and field reconnaissance was carried out. In 

addition, infonnation from the subsurface (sand composition and density obtained 

from SPT, depth to ground water) was gathered in order to locate sites with 

conditions most favorable for seismically-induced liquefaction. This infonnation 

was found in the literature and also in archives ofthe Technion soil engineering 

laboratory, and of foundation engineering companies. 

We used the archive ofthe Technion, looking into some hundreds ofshallow 

boreholes in order to locate the best sites for trenching. As a result ofthis study a 

long strip from Akko to the Kishon was found to be most suitable for further 

research. Sites for trenching were then chosen, mostly on the basis of site 

availability and trenching feasibility. Most ofthe area is populated, built or under 

construction. Finding undisturbed sites and getting pennission to trench is not 

simple. We ended with three sites: (1) margins ofKibbutz Ein Hamifratz (2) 

Kefar Bialik - at Sivan Family back yard (thanks to Dr. Dorit Sivan, Haifa 

University) (3) on the Kishon River margins, inside territory ofthe Kishon Port. 
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5.3.3 Trenchjnq -
I"'ו'י 

Trenching was done by backhoe to a depth ofthe ground water (up to 3 m) and to 

a length detennined by the allowable conditions ofthe sites (man made structures, 

pipelines etc.). We trenched in Ein Hamifratz about 250 m totallength, in Kefar 

Bialik - 150 m, and in the Kishon Port more than 1200 m (totallength of 

trenches). 
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5.3.4 Trencb jnyestiqatjons 

~ 

Trench investigations (description, dating and engineering data acquisition) were 

carried out in each of the trenches. Our first goal, which was to find 

paleoliquefaction features, was not successful. Nevertheless, a number of trenches 

were mapped and described at each site. 

1) Description oftrenches: 

The description of the section ln each trench (at different scales) include 

stratigraphy and field relationships. 

2) Dating the sediments: 

In order to date the sediments we used the OSL method. See description below. 

f8I 

~ 

~ 
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~ 

l"i1II 

5.4 Engineering investigations in the trenches 

In-situ geotechnical tests were performed in the trenches (on the base during 

excavation, and on the sides following excavation) in order to obtain an indication 

of the density of the sand layers, and the strength and compressibility of the 

confining clay layers, and to take undisturbed samples for laboratory testing. In 

situ testing relied mainly on static and dynamic pentration tests. 

In order to carry out engineering tests in the laboratory for analysis of the 

liquefaction potential, we have developed (in collaboration with Dr. Mark 

Talesnik, the Technion) a technique to take undisturbed samples of the insitu 

sand, and from these, to prepare undisturbed test specimens in the laboratory for 

liquefaction testing. This technique involves taking block samples from the field, 

freezing them in the laboratory, and then coring cylindrical specimens from the 

frozen blocks for laboratory triaxial testing. This is in contrast to previous work 

(and commonly applied practice) whereby reconstituted samples are commonly 

tested, so ignoring the importance of in-situ soil structure. The present 

investigation represents improvements relative to standard procedure, since the 

tests were performed on undisturbed, rather than reconstituted specimens, 

providing a more reliable evaluation of the actual insitu behaviour. Furthermore, 
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strain measurements were performed locally, on the soil specimens, leading to 

greater accuracy in stress-strain-pore pressure relations. 
"'!II!\ 

f'!III'I 

5.5 Luminescence Dating 
r"'י'I 

The luminescence techniques date the last exposure of mineral grains in the 

sediment to sunlight, which resets the luminescence signal (Aitken, 1988). After 

burial, the signal increases again with time as a result ofthe natural ionizing 

radiation emitted by radioactive isotopes (U, Th, and K) and by cosmic rays that 

penetrate the sediment. The equivalent dose (De) was determined by the single­

aliquot method using the infrared emission at 880 nm for stimulation. Extemal 

and intemal dose rate were obtained. Dr. N. Porat conducted the measurements in 

the luminescence laboratory at the Geological Survey ofIsrael. For more details, 

see Porat et al. (1996, 1997). 
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6 Liquefaction potential r 

r 

6.1, General f'IIJ' 

In order to eva1uate the liquefaction potential of the Haifa and Eilat bay areas we 

used the following approaches: 

1. Looking for paleoliquefaction features in these areas in order to 

learn about the future ftom the past evidence. 

2. Geotechnical study ofthe sand (to be discussed in other chapter). 

~ 

l1i\III 

1i'I\I\ 

Looking for paleoliquefaction features was conducted in several steps: 

1. Study of the area ftom air photos in order to locate potential 

investigation sites. 

2. Locating potential sites for trenching: 

2.1 Geological1y potential. 

2.2 Undisturbed sites. 

2.3 Sites that are not planned to be disturbed by man made 

structure. 

3. Augering the site at several points in order to learn about the sub­

surface sequence. 

4. Obtaining permission to trench. 

5. Trenching. 

6. Detailed description ofthe trenches (scale of about 1 :20). 

7. Field engineering tests (shelby sampling, South Amcan cone, standard 

penetration and cone penetrometer. Sampling for granulometric analyses 

8. Dating the sequence using the OSL method. 
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In the Haifa Bay we surveyed the archive of the Technion and some private 

companies in order to learn about the subsurface of the Haifa Bay. This was done 

in order to identify the area ofhighest potential vulnerability to liquefaction. 
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The area of Eilat appeared promising in advance for finding paleoliquefaction 

features. as liquefaction was observed on man-made sand-fill following the 22 

November. 1995 earthquake (Mw = 7.1). We noted that the liquefaction occurred 

only in man made fill. but were not surprised as this earthquake occurred about 

150 km south of the city and thus the acceleration at the site was not high. 

Augering was performed at 13 sites (Figure 6.1). Sand and clay were found in 

all of them (Figure 6.2). Based on the augering results. possible sites for trenching 

were located. Ground penetrating radar (GPR) profiles were applied in order to 

better determine the exact location and length for digging of trenches. This 

research was conducted by U. Bason. The GPR profiles indicated sites in which 

the continuation of subsurface layers was possibly interrupted. perhaps by 

paleoliquefaction phenomena (see few examples in Figures 6.3-6.5). 
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Figure 6.1. Location map of drilling points. Trenches and GPR lines in the 

northem shore of the Eilat Bay. 
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Figure 6.3. GPR image ofline d2. The question mark marks the area 

where disturbances ofthe sequence were observed. 
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Figure 6.4. GPR image ofline c2. The question mark marks the area 

where disturbances of the sequence were observed. 
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over a total כ,Six trenches were excavated to groundwater depth (1.5-3 m 

.) 6.7 , 6.6 length of about 200 m (Figure 6.1 )(Figures 

Figure 6.6. Trenc11ing site C with a backhoe. 

Figure 6.7. Trench at site C. 

A detailed study of the trenches (Figure 6.8) revealed no evidence for 

paleoliquefaction featul-es. In all six trenches, just above the groundwater level, a 

continuous U11disturbed sandy clay layer exists. This layer was i11terpreted as 

unliquefiable, and the fact that it was not disturbed supports the assumption that 

the sand that does exist below, was probably 11ever liquefied. 
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Figul'e 6.9. Engineering tests USi11g the SOllth African cone, within the trenches 

at site C, Eilat. 

Figure 6.10. Engineeri11g tests using a Penetrometer, within the trenches at site 

C, Eilat. 
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Figure 6.8. Careful study of the trench walls ln order to identify 

paleoliquefaction features. 

Undisturbed samples of sandy layers were collected fron1 the trenc11es walls, to 

be analyzed and tested in the laboratory in order to determine the likelihood of, 

and the conditions for possible liquefaction of the sand. 

In, and adjacent to the tl"enches, we also performed engineering tests, using 

South Africal1 cone (Figure 6.9) and pel1etrometer (Figure 6.10). This was done 

both above grollnd water table and below the water table. (See t11e Geotechnical 

Aspects chapter) . 
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Samples collected from the auger were analyzed for the granulometric 

properties of the sand (Figure 6.11). 
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Figure 6.11. Granulometric tests of sand from the Auger drilling of Eilat Bay, 

Hotels area, northem shore. For location of the auger dril1ings 

see Figure 6.1. 
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It should be noted that basic conditions for liquefaction (sand and high level of 

the water-table) exist along the northern shore of the Gulf of Aqaba. Most of the 

"north shore" area (the hotels area) of Eilat is completely covered by man-made 

structures (hotels etc.). The only area that was vacant at the time that we carried 

out our tests was the one close to the Israel-Jordanian intemational border. At the 

present this area is also under construction and no further work can be carried on 

there. 

It should be noted that although standard penetration tests (SPT) measurements 

and other evidence indicate a high potential for liquefaction, we did not find 

evidence of liquefaction occuuence. On the other hand we were able to perform 

our research only in a limited area, close to the intemational border. 

It might be that this area is representative, and that, ln fact, no 

paleoliquefaction features exist in Eilat. On the other hand, it is possible that 

paleoliquefaction feature do exist, but in other areas, where a study could not be 

done. 

The geotechnical study aimed at investigating if the sand in the trenches is 

liquefiable at all, and if so, under what conditions (see below). 

Thus, in order to evaluate the liquefaction seismic hazard of Eilat, we have to 

combine the lack of observation of paleoliquefaction features in the northem 

shore ofEilat with the results ofthe geotechnical study (see discussion). 

 \i!I'ז
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6.3 Haifa Bay Area ,. 

Logs of a few hundreds of shallow drills where checked in the archives of 

several institutes (Technion and private companies). 

Based of the evaluation of the logs, the boreholes were divided into three 

groups: 

(1) Boreholes showing the presence of interfingering layers of sand and clay 

in the upper five meters. These sites were interpreted to have the highest 

potential for the observation of paleoliquefaction features. 

fU\ 
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Boreholes showing predominantly sand layers were classified as having 

the next higher potential for observing paleoliquefaction features. 

(3) Boreholes that encountered only clay in the top five meters were 

interpreted to have the lowest potential for the formation and observation 

(2) 
~ 

of paleoliquefaction features. 

Compilation of the data led us to produce a map, which describes the 

likelihood for liquefaction in the Haifa Bay area (Figure 6.12). The map shows 

that a strip running from north to south, several km east of the Mediterranean Sea . 

shore, and the areas near the estuary of Kishon and Na'aman rivers have the 

highest potential for finding paleoliquefaction features. 

This classification was confirmed by visiting construction sites, ditches, and 

the banks ofthe Kishon and Na'aman rivers. The field observations also served to 

indicate which sites could not be further investigated because of the presence of 

buildings and other structures. The remaining sites were thus identified for further 

investigation. 

We visited each of the potential sites in order to see if trenching is technical1y 

possible. The studied area is located in the very dense populated area of the 

"Kerayot". Many of the potential sites are at present under roads, buildings, 

industrial areas etc. Therefore, not many potentially interesting sites were feasible 

for our purposes. 

The sites which were still potential for trenching were augered by motorized 

auger and we looked for sites with interfingering of sandy and clay layers. 

To summarize: in order to select a site for trenching it should fulfill the 

following criteria: 

1. The site should be located in the "potential area" of Figure 6.12. 

2. The site is not covered by man-made constructions and has not been 

previously disturbed. 

3. Augering findings should show sand below a shallow clay cover. 

('111 

('111 

('111 

~ 

('111 

Fיי'

י'-י

According to the findings we selected three sites for trenching: Kibbutz En 

Hamifraz, Kefar Bialik and the Kishon Port (Figure 6.12) 

י'-י
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6.3.1 Results of Trenching 

6.3.1.1 En Hamifraz 

En Hamifraz is located i11 the northem part of t11e Haifa Bay area (Figure 6.12). 

We have augered at that site and fou.nd that the upper part of the section is 

con1posed, in general, of three U11its: 

(1) Topsoil- the top 30-90 cm 

(2) A clay layer with sa11d and some pebbles - 50-250 cm thick 

(3) Clea11 sand - 30-150 Cln t.hick; the lowel' part ofthe exposed trench; above 

the water table and below it. The lower part ofthe unit is not exposed. 

We excavated tre11ches at two sites in Kibbutz En Hamifraz. 

A. North of the Kibbutz, 200 n1 NE of the bam, in t11e edge of the field. We 

excavated several parallel and crosscutting trenches over a total length of 200 

m (Figures 6.13-6.16). The cross sectio11 of one of these trenches is described 

in Figure 6.17. We 11ave divided the main three units into sub-units in ordel- to 

get a better picture of t11e details. !I1 this location an archaeological site was 

exposed w11en t11e trel1ches were opened, al1d nllmerous pieces of broken clay 

pottery were found . T11e archaeological site is from the six centul)' C.E. (Motti 

Aviam, perso11al cornmllnication). The archaeological findings are located 

mainly in the eastern part of the site. 

Figul-e 6.13. Ein HaMifratz 
Northeasten1 tl-ench. The 
groundwater level is 11ere at 
depth of3 m. 

Figul-e 6.14. Ein HaMifratz 
NOl1:h trench. The 
groll.ndwater level is hel-e at 
depth of3.8 m. Clay covers 
the sandy section below. 
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Figure 6.15. En HaMifi-atz northel-n trencll - general view. The sequellce is 
composed of clean salld cover by soil. The trallsitioll is sllarp. No 
paleoliquefaction features were fOUlld . 

trench. A clay insertion within tlle clean sand ןןFigure 6.16. En HaMifratz northel 

is visible. AIJ of these features were found to be tlle result of 

biotu.rbation of the section. 
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B. South of the KibblltZ, 11ear the "Wedding Garden". We have trenched here two 

parallel trenches over a total length of 250 m (Figul'es 6.18-6.21). In this case, 

the trenches wel'e logged using the general division to the main three U11its 

(Figure 6.22). 

Figure 6.19. Ein HaMifratz 
Southen1 trench. The sand 
here contai11s more clay but 
still is very clean. No 
liqllefaction features were 
observed. 

Figlll'e 6.18 . Ei11 HaMifratz 
Sout11em tl·ench. 
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Figul-e 6.21. Ein HaMifTatz 
.: lthel-n trench. Some sea ןsO 

water lnega fossils were 
lnd in the section. The ןfO 

fossils were not indicative 
. f01- dati11g 

Figure 6.20. Ein HaMifTatz 
southem tl-enc11. See t11e soil 
cover and the continuous 
section. 
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ik 6.3.1.2ן Kefar Bia 

Kefar Bialik is located on the eastem side of the strip that contains the 

potentially liquefiable area. East of this strip the upper part of the section contains 

at least 5 m of clay horizon. Therefore, we predicted that at Kefar Bialik we would 

find a site in which sand appears in the west, clay in the east, with an 

interfingering area in between. We first augered the site and then excavated 

several trel1ches in different directions, over a total length of 117 m. We logged 

several walls and carefully looked for paleoliquefaction featu.res. A trench that 

was excavated from west to east showed the predicted soil profile (Figure 6.23) . 

The section in the westem side ofthe site is the following (fronl top to bottom): 

(1) Upper sandy layer, contains a 10t of clay, with indications for a soi1 

process - top 15 cm. 

(2) White sand, small grain size, well consolidated. Few fossils - 30 cm. 

(3) Ye110w, c1ean sand. No fossi1s, uncolls01idated - 125 cm above water 

tab1e. 40 cm above the water tab1e, a layer containing calcite concretions 

are fOUlld in 1110St palis of the trench. 

We augered in the bottom of the opell trench into the unit which is at present 

below the water tab1e. The augering was done through the center of a pipe to 

support tlle drillhole in order to prevent its collapse. 130 cm of the section 

below tlle water table was augered and the materia1 was fOllnd to be cleall, 

yellow salld. 
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Figure 6.23. Cross section of 
the northel'l1 wall of the Kefar 
Bialik trench. No liquefaction 
features were observed. The 
sandy section ill the west side 
is interfingered eastward into 
a section totally composed of 
clay. 
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6.3.1.3 Kishon Port 

The Kishon Port is a relatively large area which is undisturbed. We located a site 

north of the Kishon River just south of the Port Authorities, which is not disturbed 

(Figure 6.24). Augering showed that t11e section is mostly sand and that the water 

table here is about 1 m deep. We trenched for a total of about 1000 m in order to 

look for liquefaction. We carefully surveyed the trenches, but did not log anyas 

the section is the same everywhere. 

6.3.2 Paleoliguefaction findings 

Figure 6.24. One of the 
trenches in the Kishon site. 
The section is composed of 
loose sand. The ground 
water level is 1.4 m deep. 
Mount Carmel is in the 
background. 

We have c11ecked the trenches carefully in order to identify paleoliquefaction 

features. In several places, we noted that the section is not continuous, or has 

some clay insertio11S within the clean sand (e.g. Figure 6.16). We found all of 

these features as bei11g the result of bioturbation of the section, but found no 

liquefaction features in any ofthese trenches. 

6.3.3 QSL Dating 

Samples from different trenches were dated USi11g the OSL lnethod by Dr. N. 

Porat fron1 t11e Geological Survey. The results are: 
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) Age(ka Tota1 dOIe ) De(Gy ·ךExt . axt aוd. t. n1זb U K KKF Wat6:t Depth Sample 
• +COS B גCB ) (ppm ) (ppm )(% )(% )(% ) m ( 

2 • 3.7tO 1210i65 2 • 4.4tO 347 249 87 527 0.9 1.3 0.2 11.5 20 2.1 EM·I 
2 . 2.8tO 1214i64 1 • 3.4tO 328 312 42 S32 0.8 0.5 0.4 11.6 20 1.6 2 • KBN 
2 • 2.8tO 1168:62 3.3tO.2 318 312 3S S04 0.7 0.4 0.4 11.0 18 1.6 KBS-2 
2 • 3.2tO 3 22ב:S 11 3.5tO.2 324 297 38 463 0.9 0.4 0.4 10.1 12 1.4 QSE י

2 • 2.StO 1274tS8 3.2tO.2 346 358 38 S32 0.9 0.4 O.S 11.6 18 1.4 QSW 
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The sites are: 

EM1: En HaMifratz, at the northem site (special hole, not in trench), depth 2.10 f8iI 

m. 

KBN-2: Kefar Bialik, northem trench, two samples, depth 1.60 m. 

QSE: Qishon Port, eastem trench, depth 1.40 m. 

QSW: Qishon Port, westem trench, depth 140. 

At all sites samples were collected at the base ofthe trench. 

I'\וI) 

{IIIII 

According to the OSL dating of the sand in the bottom of the trenches is from the 

Upper Holocene, 3.7-2.5 ky. 

l:\IIiI 

6.3.4 DiscussioD 
i"'I\II 

As shown above, we did not find any liquefaction features in any of the 

trenches that were examined. We checked three areas, which are located in the 

northem, central and southem part of the Haifa Bay, in the area that we concluded 

has the highest potential for liquefaction. 

It should be emphasized that the trenched sections are about 3-4 meters deep, 

and not below the present water table. Therefore, we may have missed any 

liquefaction features that exist below the present water table. But, as the water 

table level changes, as can be seen from the section, we believe that the present 

exposed section has been, and still is at times, under water (which is essential for 

liquefaction to occur). Moreover, we believe that even if liquefaction had occurred 

at a depth greater than that of the trenched section, we would see liquefaction 

features above the liquefied layer . 
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Therefore, as we have not identified any liquefaction features at all the three 

locations (En Hamifraz, Kefar Bialik, Kishon Port), we assume that liquefaction 

did not occur, at least at these specific sites. 

The age of the samples from the bottom of the trenches can assist in assuming the 

minimum age that the area did not suffer from liquefaction. 

Therefore the En HaMifratz area did not suffer from liquefaction during the last 

3.7 ky, the Kefar Bialik area did not suffer during 2.8 ky and the Kishon area 

during the last 3.2 ky. These are minimum ages. If we assume that the whole area 

would suffer from liquefaction whenever it occurs, then the maximum found age, 

3.7 ky, would be the minimum period during which the Haifa Bay area did not 

suffer from liquefaction. 
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7 Geotechnical aspects ["!iו 

Geotechnical investigations were carried out both in Eilat and in the Haifa Bay 

area. In the following, the results of the studies performed at each site are reported 

separately, and then general comments and conclusions are presented. 
ו-ז
I 

at 7.1ן. Ei 

7.1.1 In-sjtu jnvestigatjons 

7.1.1.1 SPT borings ~ 

In an earlier investigation (Wachs and Zilberman, 1994), 12 exploration borings 

were carried out, at locations shown in Figure 7.1. Standard penetration tests 

(SPT) were performed at regular intervals in each of the borings, and disturbed 

samples were extracted for gradation testing in the laboratory. 

It is recognized that liquefaction is most problematic in soils containing no fines, 

or a small amount of fines (Seed et al., 1985). Consequently, for the purposes of 

the present research, focus was placed on SPT tests carried in soils containing less 

than 20% fine soil (smaller than 74 microns). Figure 7.2 shows the percent of 

fines as a function of depth for each of the borings, as well as relative density, as 

implied by the SPT results, in the zones of less than 200/0 fines. Relative density, 

Dr, was implied ftom SPT blow counts using the correlations for clean sands 

developed by Gibbs and Holtz (1957), which were curve-fitted by Alpan 

(unpublished) to give the empirical relationship: 

1000 N = (O.00716Py ' + 0.66) Dr 2.24 (1) 

where N is the SPT blow count, and Py ' is the overburden pressure in kPa. 

f"iII 
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The following observations maybe made from Figure 7.2: 

(a) The insitu soils generally include a significant percentage of fines, 

commonly more than 20%. In a number of the borings (Bl, B2, B3, B4, 

i1\IiI 
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B8, B9, B 11) the fines content increases with depth, starting from a depth 

ofbetween 6 - 10 meters. 

(b) For the relatively clean sands, implied relative densities show large 

variations; values gJ.-eater t11a11 1000/0, as shown in the figures, are 

obviously not relevant, and il1dicate t11e 110n-exact, empirical l1ature of the 

N - Dr correlation equation (1). At t11e san1e tin1e, it is noted t11at 70% of 

the tests imply relative densities of greater than 80%, indicating that 

overall, the sands at the site would be considered to be dense. 

(c) The lowest implied relative densities (about 55%) were observed at about 

3.5 m depth in borings B3 and B5. Sands at this relative density could be 

potentially liquefiable. Implied relative densities of between 60% - 70% 

were also measured il1 bOri11gS B3 (at 3.9 m) , B4 (at 5.6 m), B6 (at 7.3 111), 

B7 (at 6.3 m), and B 12 (at 3.25 m, 8.22 m, a11d 8.72 m). All ofthese could, 

possibly, liquefy under a strong earthquake input. The most dangerous 

cases would be the shallower sa.nds. Consideri11g all of this data, it is noted 

that a number of relatively low implied densities were 111eaSured in the top 

4 m ofthe profile, justifyi11g further i11vestigation ofthis zone. 

Figure 7.1. Location map of Standard penetration tests in the Hotels area in Eilat 

(from Wachs a11d Zi Ibel'l11a11, 1994) 
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An altemative, and more quantative approach to the use of SPT data for 

estimating liquefaction potential was initiated by Seed et al. (1984). They 

compared the normalized SPT resistance, (Nl)60, and the estimated cyclic stress 

ratio at sites where liquefaction was, or was not observed in earthquakes of M = 

7.5, to determine the minimum cyclic stress ratio at which liquefaction could be 

expected for a given SPT resistance. 

(Nl)60 is defined as the standard penetration resistance normalized to an 

overburden pressure of 100 kPa, and to an energy ratio of 60% (the ratio of the 

actual energy delivered by the hammer to the theoretical free-fal1 energy). (Nl)60 

may be calculated from the SPT blow count, N, using the following formula: 

(Nl)60 = N. CN. ER/O.6 (2) 

where CN is the overburden correction factor, given by Liao and Whitman (1986) 

as: 

CN = (Pa/Pv,)O.5 

Jי' 

.--
VUן 

I'!!III 

~ 

(3) 

Where Pa is atmospheric pressure, and Pv' is effective overburden pressure. 

ER is the actual energy ratio specific to the SPT equipment being used. It is 

estimated that for the SPT equipment commonly used in Israel, the energy ratio is 

about 60%. 

Figure 7.3(a) shows Seed et al's comparisons for clean sands, containing less than 

5% fines; the curve divides between cases in which liquefaction did or did not 

occur. For any particular value of (Nl)60, values of cyclic stress ratio falling right 

of the curve would not be expected to cause liquefaction, while points falling left 

ofthe curve would indicate potentialliquefaction. Figure 7.3(h) shows similar (h) 

comparisons for cases of sands with up to 35% fines. Examination ofthese figures 

shows that for (Nl)60 > 30, no liquefaction would be expected for any sandy soils. 
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Figure 7.3 Use ofSPT for estimating liquefaction potential (Seed et al., 1984) 

~ 

The data used to prepare Figures 7.3(a) and 7.3(b) has been updated since it was 

collected by Seed et al.; Youd and Idriss (2001) showed updated design curves 

(Figure 7.4). Rauch (quoted in Youd and Idriss, 2001) curve fitted the design 

curve for clean sand, obtaining the following equation, which is relevant for 

(Nl)60 < 30: 

CRR7•S = 1/[34-(Nl)60] + (Nl)60/135 + 50/[10(Nl)60 + 45]2 - 1/200 (4) 
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Figure 7.4. Use ofSPT for estimating liquefaction potential (Youd & Idriss, 2001) 

I'!!!!IJ 

The effect of fines has been taken into account by Idriss and Seed (quoted in 

Youd and Idriss, 2001), who suggested the following relationship between the the 

actual value of (Nl)60 for the sand with fines, and an equivalent value for clean 

sand, (N 1)60cs: fii!!I1 

(5) (Nl)60cs = a + P(Nl)60 

Idriss and Seed suggested the following values for a and p: 
l!1iiI!I 

Fines content % (FC) a P 
<5 0 1 

5 - 35 Exp [1.76-( 190/FCl )] [0.99+(FC1.5/1000)] 

>35 5 1.2 

ffiד'!III 

Figurs 7.3 and 7.4 were developed on the basis of data obtained from magnitude 

7.5 earthquakes. Correction factors for other magnitudes have been suggested by 

several researchers, based on observations of occurrence or non-occurrence of 

rייי

~ 

liquefaction during earthquake events. Ambraseys (1988) suggested that the 

critical cyclic stress ratio, CRR, appearing in Figures 7.3 and 7.4 should be 

corrected by the following factors for other magnitude earthquakes: 

['I!II 

-

r-
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Magnitude Correction Factor 

5.5 2.86 

6.0 2.2 

6.5 1.69 

7.0 1.3 

7.5 1.0 

8.0 0.67 

['I!I 

f'II\ 

f'IIIII 

('1'11 

The equivalent, uniform cyclic stress ratio expected to develop at any depth 

during a given earthquake may be estimated, approximately, using a simplified 

approach suggested by Seed an Idriss (1971), from the following equation: 

1'81 

(6) ('t/cry') = 0.65(amax/g) (cry/ cry') rd 

where 't is the cyclic shear stress, cry is the total overburden stress, cry ' is the 

effective overburden stress, amax is the peak ground acceleration, and rd is a factor 

which accounts for the soil flexibility (see Figure 7.5). As is seen, there is a 

significant variation in rd, depending on soil conditions, but no correlations are 

available expressing rd in terms of soil properties. Consequently, it is common to 

use the average curve shown in Figure 7.5, and this has been fitted by the 

l"'iiI 

l"IiIן 

expresslons: 

rd = 1.0 - 0.00765 z (z < 9.15 m) (7a) 

rd=I.174-0.0267z (9.15m<z<23m) (7b) 

Stress Reduction Coefflcient. 'd 
0.2 0.4 0.6 0.8 1.0 
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Figure 7.5. Soil flexibility factor, rd, as a function ofdepth (Youd & Idriss, 2001) 
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The above expressions have been used to study the liquefaction potential of the 

soils on the Northem Shore site, based on the SPT results. Analysis was limited to 

those soils containing less than 20% fines, and cases in which (Nl)60, as estimated 

from (2), was less than 30. The results ofthe analysis are shown in Figures. 7.6(a) 

- 7.6(c). In these figures, factor of safety against liquefaction is defined as the 

ratio between the critical cyclic stress ratio which would cause liquefaction (as 

obtained from equation (4), modified for fines content by equation (5)), to the 

expected cyclic stress ratio (from equation (6)). Figures 7.6(a), 7.6(b), and 7.6(c) 

refer to earthquake magnitudes 7.5, 7.0 and 7.0 respectively, and each figure 

shows factors of safety for the cases of maximum ground acceleration equal to 

0.2g, 0.3g and 0.4g. 

The following observations may be made from Figure 7.6: 

(a) For a magnitude 7.5 earthquake, events causing a peak ground acceleration 

of 0.2g or greater could be expected to initiate liquefaction at various 

locations at the site. For a 0.2g peak ground acceleration, minimum factors 

of safety of 1.0 were obtained in 2 tests, at depths down to 6 m. For a peak 

ground acceleration of 0.3g and 0.4g, 8 tests and 17 tests, respectively, 

indicated likelihood of liquefaction. 

(b) In the case of a magnitude 7.0 earthquake, no tests suggested liquefaction 

for a peak ground acceleration of 0.2g, although factors of safety less than 

1.5 were indicated. Liquefaction could still be expected for events causing 

peak ground accelerations of 0.3 g or greater. 

(c) In the case of a magnitude 6.5 earthquake, only events causing a peak 

ground acceleration of the order of 0.4g, or higher, would be expected to 

initiate liquefaction. 
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7.1.1.2 DCP soundings 

r-
As part of the present investigation, two trenches were studied in the hotel area, at 

locations shown in Figure 7.7. During examination of these trenches, a series of 

dynamic cone penetrometer (DCP) tests was performed, and the results of these 

are summarized in the present section. i!יI\II 

~ 
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Figure 7.7. Location map of trenches in Eilat. Geotechnical 

studies were performed on trenches B and C. f'II 
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The dynamic pone penetrometer is commonly used in Israel for site investigations 

related to pavement design. The instrument being used has a hammer weight of 

8.0 kg, falling through a height of 57.5 cm on a rod of 16 mm diameter; the cone 

angle is 90°, and the cone base diameter is 20 mm. The advantage of the test 

method is that it provides a continuous record of soil "resistance" to penetration; 

f'II 

f'I\IIII 
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its disadvantage is that is can be used only to a depth of the order of 2 meters. 

From a correlation between SPT and DCP results presented by Livneh and Ishai. 

(1988), the following equation is suggested for relating between the two: 

N = (10,000ID)o.493 (8) 

Where D = the DCP penetration in mm/blow, and N is the equivalent SPT blow 

count . 

P"'I 

\111\11\ 

 .י
Seven DCP soundings were perfonned adjacent to trench no. 1, and three next to 

trench no. 2. The results were translated into equivalent SPT blow counts, using 

equation (8), and these were then analyzed in accordance with the procedure set 

out in the latter part of section 1.1.1, in order to estimate factors of safety against 

liquefaction. As no data was available for fines content corresponding to 

individual penetration readings, the effect of fines was ignored - as fines are 

believed to increase resistance to liquefaction, ignoring the presence of fines is 

conservative. Again, analyses were done only for cases of (Nl)60 less than 30 

blows. Figures 7.8 and 7.9 show the results of the analyses for the cases of 

earthquake magnitudes of 6.5, 7.0 and 7.5, and a peak ground acceleration ofO.3g, 

for trench 1 and trench 2, respectively. 

ץיו

i 

l1:i'iIII 

f!!'II!I 

rייי

It must be pointed out that the analyses were perfonned assuming that water level 

reached the soil surface. In fact, water level at the site is at a depth of about 2 -

2.5 m, and sand above water table would not liquefy. The purpose of the analyses 

was to consider the possible behavior of submerged sand, having the same 

density/penetration properties as that of the surface sands at the site, under 

earthquake conditions. 

f!I'I' , 

f!!III 

The figures indicate that for the existing sands in a submerged condition, a high 

potential for liquefaction exists in the depth range 0.6 - 2 m, in the case of a 7.5 

magnitude earthquake, developing a peak ground acceleration of 0.3g. On the 

other hand, for a 6.5 magnitude event developing the same peak ground 

acceleration, there would be a considerably lower potential for liquefaction in this 

upper zone, although some liquefaction could take place. 
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7.1.2 Laboratory investigations 

In addition to the geological investigation al1d the DCP soundings performed at 

the test trench the hotel area, block samples were extracted from a step excavated 

il1tO the side of the trench, from a dept11 of 1.8 - 2.0 m. these block samples were 

used to prepare undisturbed cylindlical specimens for triaxial testing, as described 

below. Stages in the preparation ofthe block samples are ShOWl1 in figs. 10. 

Figure 7.10. Stages il1 pl"eparation of undisturbed block of sand 
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The samples were transferred to the laboratory, frozen in a deep-freezer at about 

-18°C, and then cored to produce cylindrical tests specimens. The frozen specimen 

was wrapped in a latex sleeve; placed in a triaxial cell, subjected to a low ambient 

cell pressure for support, and allowed to thaw. Triaxial testing was then 

performed. 

~ 

The block samples tested were found to contain 27% fines, and the soil had a 

maximum dry density of 16.5 kN/m3 and a minimum dry density of 14 kN/m3• 

The natural dry density of the samples was 14.65 kN/m3, corresponding to a 

relative density, Dr = 29%, and the moisture content was 6.5%. This is a very low 

relative density, and is in accordance with the predictions of a high potential for 

liquefaction presented in section 1.1.2. A relative density of this low magnitude 

would, almost certainly, cause liquefaction in a clean sand. The high fines content 

of the sand may have been responsible for the more optimistic predictions which 

were made in section 1.1.2, for the case of a lower magnitude (M = 6.5) event. 

l!!II'i 

I 

,. 

f!1I1!\ 

~ 

The triaxial testing program included drained and undrained monotonically loaded 

tests, as well as undrained cyclically loaded tests. The results of these tests are 

presented below. 

Wrווו

1'11!11 

1'11!11 

7.1.2.1 Monotonic triaxial tests f!'1Iן 

Stress-strain and pore pressure or volume change - strain curves are shown in 

appendix 1. Stress paths followed in the various tests are shown in Figure 7.11. 

Drained tests were performed at cell pressures of 70, 120 and 200 kPa, while 

consolidated undrained tests were carried out at consolidation pressures of 35, 70 

and 150 kPa. 

~ 
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Figure 7.11. Stl'ess paths followed il11no110tol1ic tl'iaxial tests on Eilat san1ples 

(u = undrained; d = drained) 

Of particular interest is the shape of the effective stress paths followed duri11g the 

undl'ained tests . The decreasing meal1 effective stress l'esults froln an increasing 

pore pressure, indicating the contractive natu.re of the material, and its high 

potential for liquefaction. This is consistel1t with the low relative density of the 

. 1.1.2 material, and with the liqllefaction potential estin1ates presented in sectio11 

T11e red dashed line in Figure 7.11, joinil1g the ultin1ate POil1tS on the effective 

' = 33°. The blue dotted line ~ stress paths, indicates an effective fi'iction angle, 

jOi11S points of peak deviatol' stress 011 the undrained effective stl'ess pat11s, a11d 

espond to a frictio11 angle of חindicates that failure in undl'ained shear would cO 

' = 33°, is extremely low for Israeli sand, and ~ 24.5°. The effective frictio11 angle, 

, esponds to the critical state value. Figul'e 7.12 s110ws data for Israeli sands חcO 

The yellow dashed line .-וס, ', to relative density ~ relating fi'iction angle, 

1t is seen that the Eilat results וס-.' and ~ represents a suggested relation between 

correspond well with the collected data, aI1d that the fi'ictiol1 angle is at the lower 

. end of measured values 
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Figure 7.12. Relationship between friction angle, ~', and relative density, Dr, for 

Israeli sands (Frydman, 2000) 

7.1.2.2 Cyclic triaxial tests 

Two undrained, cyclic triaxial tests were perforrned, both at a consolidatio11 

pressure of 100 kPa. Cyclic stress ratio (SR = (Jd/2(Jc) was 0.25 and 0.3, where (Jd 

is the deviator stress, cycled about the isotropic consolidation stress, (Jc . 

The results ofthe tests with SR = 0.25 are shown in Figures 7.13 and 7.14. Figure 

7.13 shows cyclic stress strain curves; Figul'e 7 .13( a) shows the development of 

strain over the cOlnplete test du.ration, while Figure 7 .13(b) conce11tl'ates 011 the 

first cycles. Figures 7.14(a) a11d 7.14(b) SiI11ilarly s110w the development of pore 

pressure against axial strain during the cycli11g. Figures 7.15 and 7.16 are similar 

curves, for tests with SR = 0.30. 
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Figure 7.14. Cyclic pore pl-essul-e development for Eilat sand, SR = 0.25 
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Figure 7.15. Cyclic stl'ess-strain curves for Ei lat sand, SR = 0.30 
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Figure 7.16. Cyclic pore pressure developn1ent for Eilat sand, SR = 0.0.30 

1t is difficult to define the onset of liquefaction du.ring cyclic triaxial tests. For 

practical purposes, this should be defined as the stage at which strains and pore 

pressures increase at an accelerated rate. Fron1 a study of Figures 7.13 - 7.16, this 

8 -7 lr after 9 - 10 cycles for SR = 0.25, and after ןcondition is estimated to OCC 

cycles for SR = 0.3. These values are extremely low, again indicating the high 

lre 7.17 shows the ןliqllefaction potential of the soil. For con1parison, Fig 

, relationship between stress ratio, SR, a11d nun1ber of cycles f01- initial liquefaction 

lmbe1· of soils. T11e black points on the figure represent values ןas found for a n 

obtai11ed from undisturbed samples of dune sands and kurkar-sands; the lower 

dashed curve represents a suggested lower bound to these results. The upper 

dashed curve was obtained for reconstituted samples ofMonterey 0 sand, tested at 

a relative density of 60%. The Eilat results are ShOW11 as red triangles. Data for 

undistu.rbed san1ples from t11e Kisho11 are also shown, and will be discussed in 

section 2 of t11is repo1-t. 1t is l10ted that the Eilat results fall below, and close to the 

lower bOU11d suggested f01- Israeli dU11e sal1ds and kurkar sands; they are well 

. below the results obtained f01· Monterey sand at 60% relative density 



-59-

Estimates of the equivalent stress ratio likely to develop in t11e upper part of the 

soil p1'ofile in a subn1erged conditio11, for a peak ground acceleration of 0.3g 

(using equation (6)) indicate values of t11e order of SR = 0.38. Refeuing to Figure 

7.17, it is seen that this soil could probably only resist 3 - 4 cycles of such a 

stress ratio . Seed et al. (1975) estin1ated that a magnitude 6 earthquake would 

apply the equivalent of about 5 uniform loading cycles, and a magnitude 7 

earthquake the equivalent of about 10 uniform loading cycles. The high danger for 

liquefaction in t11e upper portion of the Eilat profile if it is submerged, lS, 

therefore, clear. 
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Figure 7.17. No. of cycles for liquefaction versus stress ratio 
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7.1.3 Summarv of joformatjoo related to the Ejlat sjte 
r-י 

Summarizing all the data presented in section 1, it is clear that the danger of 

liquefaction at the Eilat site is highly dependent on the magnitude and proximity 

ound water table at the site. Both field tests זgof the earthquake, and level of the 

and laboratory studies show that the in-situ sand in portions of the profile has a 

ong זtvery low relative density, and would be expected to liquefy under s 

, earthquake input. The field tests suggest that a magnitude 6.5 earthquake 

ound acceleration of 0.3 may result in some liquefaction, and זgapplying a peak 

onger events. The triaxial tests, performed on זtthis would be higher spread for s 

, samples taken from the top 2 meters of the profile, reinforce this conclusion 

showing that only a few cycles (3 - 4) of a magnitude 6 or more earthquake 

ound acceleration of at least 0.3 g. may result in liquefaction in זgcausing a peak 

the upper two meters at the site, if they were submerged. With regards the portion 

of the profile presently below water table, a magnitude 7.0 event at least, causing 

ound acceleration of 0.3g or more, would appear to be required to cause זga peak 

. liquefaction 
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7.2 Haifa Bay 

Bag samples, and undisturbed, block samples were extracted from the trenches 

excavated at t11e three Haifa Bay sites - Ein Hamifratz, Kfar Bialik and Kishon. 

The block sampling procedure was similar to that described above, for the Eilat 

site, and test specimens were prepared using the same fi'eezing technique as 

described previously. Triaxial testing programs were canied out on specime11s 

from the Kishon site, as the sand at this site was found to be clean of fines, and 

having a density lower t11an that at the other sites. 

7.2.1 Basic tests 

The bag samples were used to test the paliicle size distribution of the soil, and the 

result is shown in Figure 7.18. 1t is noted that t11e sal1d is essentially fi'ee of fines, 

and is a unifonn sand, with about 900/0 of its particles in the size range 0.1 - 0.3 

mm. Relative density of samples varied between 60% - 75%. 
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Figure 7.18. Particle size distribution of Kishon sand 
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7.2.2 Monotonic triaxial tests 

The monotonic triaxial testing PI'Ogram, included both drained and undrained 

: tests, and was aimed at studying t11e following features 

COlnparison of behavior of undistllrbed samples to that of samples כa ( 

-reconstituted to t11e salne density using different preparation methods 

. underwater pluviation, and dynail1ic compaction 

Isotropic/anisotropic behaviol' of specimens cored perpendicular and כb ( 

. parallel to the in-sitll 110rizontal plane 

The testing program was inspired by the fact that most laboratory testing for 

analysis and prediction of liquefaction in sands is cunently perfonned on 

reconstituted specimens. It was, therefore, considered desirable, in the fYamework 

ofthe present research, to investigate t11e comparative behavior ofundisturbed and 

reC011stituted specimens of the in-situ sands. As standard liquefaction testing is 

perfonned in triaxial equipment, with the i11-sitll horizontal plane modeled by a 

plane at 45° to the horizontal in the test specimen, the inf1uence of anisotropy may 

be significant, and so t11is represented a second feature studied in these tests . 

Although a large number of tests was canied out, the following presents some 

typical results, and the major observatio11s and conclusions. 

Figure 7.19 shows typical stress-strain-volume change l'elationships fYom drained 

tests. 
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Figure 7.19. Stress-strain-volume change behavior of drai11ed, undisturbed 

samples ofKishon sand. 

The lnost significant observatio11 f!-om these results is the dilative nature of the 

material. Although relative de11sities varied fron1 the order of 60% to 75 %, all the 

specilnens (wit11 the possible exception of the test performed at cell pressure 200 

kPa) showed clearly dilative behavior. This is in contrast to the contractive 

behavior of the Eilat material, and WOllld suggest a higher resistance to 

liquefaction. 

Figure 7.20 s110ws effective stress paths followed i11 consolidated undrained tests. 
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alized effective stress paths in undrained tests on undisturbed ךFigure 7.20. Nom 

. d ךsal ךsamples of Kishol 

ee test paths shown coincide allnost precisely, showing very :h1 נt is noted that the t 

e start of shearing, but rapidly developing dilative ךslight contractive behavior at tl 

om decreasing pore זfp/Po along the stress path results ךbehavior. The increase il 

e dilative nature ofthe soil . This behavior is ךce oftl ךpressure, which is a consequel 

consistent with the dilative behavior shown in the drained tests, as seen in Figure 

e behavior of the Eilat samples, as shown by the blue 7.19ך, and is in contrast to tl 

. 7.10 curves in Figure 

om tests on undisturbed זformalized effective stress paths ךFigure 7.21 shows l 

samples cored vel"tically and horizontally, a plllviated sample, and a compacted 

g ךcide almost pl"ecisely, suggestil ךs COil ךe stress patl ךthat tl ךple. Again it is seel ךsan 

, that natural structural effects in this soi l is not of major significance, and 

ably be employed in order to ךples could reasol ךconsequently, reconstituted san 

study the behavior of the undisturbed material. The stress paths are again seen to 

. show the highly dilative behavior demonstl"ated in the drained tests 
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Figure 7.21. Effective stress paths f01' Kisho11 sa111ples prepared in different ways 

summary, the response of t11e undisturbed Kishon sand to monotonic shear מI

loading suggests that this 1naterial would be significantly less prone to 

. liquefaction than the Eilat soil 

7.2.3 Cyclic triaxial tests 

Four cyclic triaxial tests were performed on undistul-bed samples of the Kishon 

sand. All tests were carried out at an effective consolidatio11 pressure of 100 kPa; 

stress ratios applied were S.R. = 0.25,0.35,0.37 aI1d 0.41. 

A typical set of cyclic su-ess-strain curves, as obtained fro1n the test canied out 

with a stl-ess ratio of 0.35, is shown i11 FigLl1-e 7.22. T11e low-strain pal-t of the 

figure, s110wing the first 30 cycles, llP to a strain of 10/0, is shown in Figul-e 7.23. 
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Figure 7.22. Stress-strain cycles - Kishon sand, SR = 0.35 
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Figure 7.23 Stress-strain cycles - Kishon sand, SR = 0.35; first 30 cycles. 

Comparing Figure 7.23 for the Kishon sand to Figure 7.13 for the Eilat sand, the 

significant difference between the two sites is immediately evident. The Eilat 

sample, under a cyclic stress ratio of 0.25, developed 1 % strain after 11 loading 

cycles, whereas the Kishon sand, under a higher stress ratio of 0.35, withstood 30 

load cycles before developing the same strain. 

/ 
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Figul'e 7.24 shows the development of pore pressure as a function of number of 

loading cycles for the Kishon sand. Figure 7.25 shows the sal11e plot, using a log 

scale for no. of cycles - the developmel1t of pOl'e pressure during the first cycles is 

seel1 clearer here. 

Figu.re 7.24(a). Development ofpore pressure with loading cycles, Kishon sand 
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Figure 7.24(b). Developl11ent ofpore pressure with loading cycles, Kishon sand 
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1ge in secant modulus of elasticity, E, of the Kishon בaFigure 7.25 shows the ch 

, sand with loading cycles. The well-kI10wn decrease in E with cycles is noted 

. resulting from the increasing pore pressure and strain with loading cycles 

Kishon 
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Figure 7.25. Secant modulus of elasticity as a function of loading cycles, Kishon 

sand 

 Compariso 7.2.4ח of results of cyclic testsחס Eilat, Kishoח

samples 

Figures 7.26 and 7.27 show comparisons between the results of cyclic triaxial 

tests on undisturbed salnples of Eilat and Kishon sands. Figure 7.26 shows the 

increase of normalized pore preSSUI'e, wit11 loading cycles. 1t is seen that the pore 

pressure developed significal1tly faster i11 t11e Eilat samples than in the Kishon 

samples. For example, for a stress ratio of SR = 0.25, U is seel1 to l'each 1000/0 of 

ples, while in the case of aבn its maximuln value aftel' about 12 cycles il1 the Eilat s 

100 Kishon sal1d, only 36% of maximum pore pressure was developed after 

. loading cycles 
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Figure 7.26. Nonnalized pore pressure versus no. of loading cycles 

Figure 7.27 similarly compares the cl1ange in secant elastic modulus with loading 

cycles. 
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The stiffer behaviol' of tl1e Kishon sal1d is again seen in Figure 7.27, the n10st 

obvious indication being a comparisol1 of behavior of the 2 samples tested at a 

stress ratio of SR = 0.25. Even the Kisl10n sample tested at a stress ratio of 0.35 
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showed stiffer behavior and less pore pressure development than the Eilat 

sample under a stress ratio ofO.25. 
fר!lIII 
I 

Figure 7.17, presented previously, shows cyclic stress ratio versus the number of 

cycles required for liquefaction. The black circles are results of tests performed on 

undisturbed samples ofkurkar-sand from the Nitzanim site, with the lower dashed 

curve shown as a suggested, reasonable lower bound (Frydman et al., 1980). The 

upper dashed curve is a relationship presented by Seed and Lee for reconstituted 

samples of Monterey 0 sand at 60% relative density. The red triangles are the 

results of the tests on the undisturbed samples of K.ishon sand, while the blue 

triangles are the results of the tests on the undisturbed samples of Eilat sand. It is 

seen that the K.ishon results lie close to the upper limit of the Nitzanim kurkar­

sand, and above the Monterey sand , whereas the Eilat results lie close to the 

lower bound suggested for the kurkar-sand, and significantly below the curve for 

the Monterey sand. The K.ishon results indicate that a peak ground acceleration of 

0.3g, couesponding to an equivalent stress ratio in the upper part of the profile of 

about 0.38, would require 15 - 20 loading cycles in order to cause liquefaction. A 

magnitude 7.5 earthquake would be required in order to develop such conditions. 
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7.3 Conclusions from Geotechnical studies 

~ 
I 

The geotechnical studies described in the above sections have indicated a 

significant difference between the liquefaction potential of the Eilat and K.ishon 

sites. The Eilat site appears to have a potential for liquefaction under the action of 

an earthquake of magnitude 6.0 or greater, producing a peak ground acceleration 

of 0.3g or more. On the other hand, at the K.ishon site, a peak ground acceleration 

of 0.3g would only be expected to cause liquefaction if it resulted from an 

earthquake ofmagnitude about 7.5. It is not surprising, therefore, that no signs of 

paleoliquefaction are evident at the K.ishon site. On the other hand, such signs 

may have been expected at the Eilat site, since magnitude 6 events, developing 

peak ground accelerations ofO.3g, may conceivably have occurred in the past. 
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8 Paleoseismology and Morphologic Evidence of 

Young Tectonic Activity along the Carmel 

Fault 

8.1 Introduction 

Mount Carmel is all isolated hilly belt ill northern Israel (Figure 8.1) which 

exposes upper Cretaceous rocks (Kashai, 1966) with volcanic syn-sedimentary 

rocks (Sass, 1957; Sass, 1980). Most of the stl'atigraphic section of the Carmel 

belongs to the Judean grOllP from the age of Albian to Turollian and composed of 

lilllestolle, dolomite, chalk, and nlarl (Figure 8.2). Senoian, Eocene to Pleistocene 

and Holocene sediments are also present in the stl'atigraphic sequence. 
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Figure 8.1. Location map of the Carmel 



-72-

160 

lIf 
q .~ 

245 
~ 

~ 
~ 

ס

c: 
ltI 

1,. 

1,. 

240 41 .... - e 
רב

t' וlt, I וa !' 
. II ,ןI- - -- - ר i' 5 ~זו

legNl cl: 

11 jופו:,,:ון{l ". ו~', L.oU' _ וi וU<1 ךןt I ו~ , e וז. Y 1) 1 ~~וI 1Iכ 1!-' נiבC

!!L ~ eןו(ו(" I aו* o!\ • o() ~ Lז,, 1111 "' l ו.: EO C::::::כ I ;יופו'. t:'JI(JI ~\!ןנUp 

 l\1ם.\ uC I ~ ltב II ~ l ;Iנ IK>f1J.II· P ~ I;><5חו~י> S < CIIו .,Aנ e:ו

. I ,,'"'ו " " I FMIוו ... IIJt' וr . «----ו" 111 '> (י. I---""""'" AI ~ 

Figu.re 8.2. Geological111ap ofthe Carn1el al'ea (after Ben-Avrahaln and Hall, 

1977). 



r'" 

-73-
('81 

f'III 

The northem and eastem boundary of the Carrne1 f0110ws the fau1t 1ine of the 

Carrne1 Fau1t (Karcz, 1959; Kashai, 1966) which creates a significant 

morphotectonic border in northem 1srae1 (Rotstein et a1., 1993; Achmon and Ben­

A vraham, 1997). This border is part of the Carrne1 - Tirtza fau1t system which 

sp1ays from the Dead Sea Transform to the continenta1 she1f in the eastem 

Mediterranean (Freund, 1965; Ben-Avraham and Ha11, 1977) (Figure 8.2). Great 

differences appear in topographic features, structura1 sty1e, seismic activity, 

crusta1 structure and other ge010gica1 characteristics, between north of this fau1t 

system and south of it (Achmon and Ben-Avraham, 1997). The Carrne1 b10ck is 

associated with re1ative1y positive magnetic and gravity anoma1y (Dmoza1ski, 

1967; F01kman, 1976; Achmon and Ben-Avraham, 1997). Ben-Menahem and 

Aboody (1981), Shapira and Fe1dman (1987), Rotstein and Arieh (1986) and 

VanEck and Hofstetter (1990) showed that the Carrne1 Fau1t zone is characterized 

by microseismic activity, which is as high as that ofthe Dead Sea Rift itse1f. Foca1 

p1ane s01utions show main1y a 1eft s1ip with a minor component of thrusting 

associated with the activity ofthis fau1t zone (Ron et a1., 1990). 
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The Carrne1 Fau1t is divided c1ear1y into two main sections (Figure 8.2): (1) 

The northem section, that trends NW-SE, extends from the area ofHaa'makim 

junction to the continenta1 she1f on the northwest (Ben-Avraham and Ha11, 1977; 

Achmon, 1986), and (2) The southem section, trends N-S and extends from the 

area ofYoqneam to the Haa'makimjunction area (e.g Picard and Kashai, 1958; 

Kashai, 1966; Achmon, 1986). 1t is c1ear though, that there is a strong connection 

between the two sections, which creates the same morph010gica1 and structura1 

sequence (Achmon, 1986). 

Previous works (reffered above) discussed the structure, the characteristics and the 

deve10pment of the Carrne1 between the Triassic and the P1eistocene (e.g. 

Achmon, 1986; Achmon and Ben-Avraham, 1997 and references therein). The 

recent fau1ting (Upper P1eistocene and H010cene) a10ng the Carrne1 Fau1t was 

a1most neg1ected and is therefore somewhat unc1ear. Achmon (1986) presented 

river channe1s offset, which indicate a sub-recent sinistra1 1atera1 motion. 
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Microseismicity indicates that the Carmel Fault is active (Ben-Menahem and 

Aboody, 1981; Rotstein and Arieh, 1986; Shapira and Feldman, 1987; VanEck 

and Hofstetter, 1990). Focal plane solutions show mainly left slip with a minor 

component of thrusting associated with the activity of this fault zone (Ron et al., 

1990). The objective of this study is therefore, to determine how active was the 

Carmel Fault during the Upper Pleistocene and Holocene and to evaluate the 

seismic hazard that derived from its Quatemary activity. In order to do that we 

used paleoseismic methods that included mapping of the fault, seismic lines, 

trenching, dating and geomorphic studies. The study area extends from Y oqneam 

to Nesher on the eastem and northem piedmont ofMount Carmel (Figure 8.2). 
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8.2 Methods 
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In order to evaluate the paleoseismic activity of the Carmel Fault during the 

Upper Pleistocene and Holocene we searched for traces of deformed young 

sediments. We searched at the base of the mountain front that the Carmel Fault 

formed and inside it, at sites where thick soils and colluvial profiles, that would 

have been record deformation if occurred, are found. The research included: (1) 

mapping from air-photos lineaments and morphological scarps that might be fault 

scarps. We also recorded offset alluvial fans or stream channels along those 

lineaments; (2) Trenching across some lineaments and mapping and describing 

the stratigraphy exposed on the walls of the trenches; and (3) running a seismic 

line across the morphological scarps at the southem part ofthe Carmel Fault. 
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Setting ןogica 8.3ן Geo 

r 
8.3.1 Structure .. 
The Carmel block is uplifted and tilted to the southwest, with a border faults 

system on its northeastem side (Karcz, 1959; Kafri, 1970; Achmon, 1986; 

Rotstein et a1., 1993). The structure of Mount Carmel can be best described as a 

main, fifty-kilometer long, asymmetrical anticlinal ridge. The main anticlinal 

structure is built from two anticlines, the anticline of the low Carmel, which 
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trends northeast, and the anticline of the high Cannel, which trends northwest 

(Kashai, 1966). There are also several smaller anticlinal and synclinal structures, 

which are parallel or sub-parallel to the main anticline (Picard and Kashai, 1958; 

Kashai, 1966) (Figure 8.2). 

The E-W trending Isfiya-Shallale Fault separates the structure ofthe northem high 

Cannel ftom the southem low Cannel (Figure 8.2). There is a significant 

difference in the intemal faulting pattem north and south of this fault. The 

northem Cannel is faulted only by a few small faults with a vertical separation of 

just several meters. The southem Cannel is faulted by significant faults, having 

tens of meters of vertical separation and which are arranged in a fan pattem 

system. The faults strikes trend ftom N-S in the west, to E-W in the east (Kashai, 

1966; Ron et al., 1984; Achmon, 1986; Ron et al., 1990) (Figure 8.2). On the basis 

of Cretaceous volcanic structures, Sass et al. (1977) and Sass (1980) suggested the 

existence of a strike-slip displacement upon the faults in the southem Mount 

Cannel. Ron et al. (1984; 1990) estimated 1,300 to 2,900 meters of left lateral 

displacement. The movement on these faults was caused by a rotation of rigid 

blocks. The amount ofrotation increases southwestward ftom 10°-15° clockwise 

ofthe southem Cannel in the Ha'amaqim Junction area to 35° in Zihron-Ya'aqov 

area. In contrast, the northem Cannel is rotated only by not more than 10° 

clockwise. Therefore, no significant intemal faulting occurred in that area (Ron et 

al., 1984; Achmon, 1986; Ron et al., 1990). 
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8.3.2 The Carmel Fault system f'iIiI 

The eastem and northeastem border of the Cannel structure is a complex 

structural system, having a few hundred meters width. The deformation features 

include the main and major faults, many small faults, flexures and strong tilts of 

the bedding, detached blocks and widespread brecciation. The Cannel Fault 

creates a significant morphotectonic border in Northem Israel (Achmon, 1986). 

Freund (1965) proposed that The Cannel-Farah fault system is an important 

secondary structure of the Dead Sea Rift fault system, and that it is taking up 

some of the transform motion along the Arabia-Amca boundary (Ben-Menahem 

et al., 1976). 
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- The sense and magnitude of fault displacement on the Carmel Fault was the 

subject of many studies: Picard and Kashai (1958), Karcz (1958), De-Sitter 

(1962), Arad (1965), Freund (1965), Kashai (1966), Freund (1970), Achmon 

(1986), Ron et al. (1984; 1990). It is agreed that there is a major sinistral 

movement along the Carmel Fault but the exact amount is not known. 

Table 1 summarizes the amount of vertical and sinistral movement along the 

Carmel Fault according to these authors. 
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Table 1. The amount of vertical and sinistral movement along the Carmel Fault as 

was suggested in previous works. 
!"'"' 

: Assumption based on ) Through (m Author 
Lateral Vertical 

displacement Stratigraphic ) 1958 ( Picard and Kashai 

in the N esher area 1,000 ) 1958 ( Kartz 

) 1966 ( Kashai 

The axis of Dvora anticline 10,000 ) 1962 ( De-Sitter 

related to the Um-EI-Fahem 

anticline 

of the displacement The 10,000 ) 1965 ( Arad 

Turonian formations in the ) 1965 ( Freund 

Westem Galilee related to 

the Carmel 

and Slickensides -3,000 ) 1970 ( Freund 

stratigraphy 4,000 

: Lateral Totalof 300-400 in the ) 1986 ( Achmon 

The displacement ofthe --1,000 part Southem 

Senonian formation 1,500 with in 1,000 and 

3,000m), and the Turonian ( the מi300 Northem the 

) formation (1 ,500m Pleistocene part 

Displaced volcanic --1,300 ) 1990 ; 1984 ( Ron 

bodies 2,900 inside 

) 35° ~( Block rotation -the southem 

Carmel 
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Picard and Kashai (1958), Karcz (1958) and Kashai (1966) estimated the 

maximum stratigraphic vertical displacement to be 1,000 meters near Nesher. This 

is based on field relationship showing the Eocene Zora' formation displaced 

against the Albian-Cenomanian Yagur formation. Achmon (1986) determined the 

amount of vertical displacement by stratigraphic displacement in the southem part 

ofthe Carmel Fault to 300 to 500 meters (Figure 8.12). 
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De-Sitter (1962) was the first to suggest a strike-slip motion on the eastem border 

fault of the Carmel (the "Carmel Fault"). He estimated a left lateral displacement 

of 10 kilometers. This estimation was based on the displacement of the Dvora 

anticline axis relative to the axis of Um-EI-Fahem anticline, which he thought to 

be a single structure. Freund (1965) and Arad (1965) also suggested a left lateral 

displacement of 10 kilometers, but they based their estimation on the amount of 

displacement between the Turonian formation in the westem Galilee and the 

Carmel. Shahar (1966), following Freund (1965), mentioned that there is a 

component of strike-slip movement, but he did not mention to what extent. Freund 

(1970) estimated a left lateral displacement of 3 to 4 kilometers. He based his 

estimation on the direction of the slip on slickensides, which trends 25° to the 

northwest, and upon the vertical stratigraphic displacement in the quarry near 

Neve-Sha'anan. Schulman and Weiler (1972) claimed that there is no proof of 

lateral offset on the Carmel Fault. 
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Achmon (1986) discussed the amount of vertical and lateral movement on the 

Carmel Fault in detail. He showed that most of the fault planes, the main faults 

and the small faults, are either vertical or subvertical. The strikes of the small 

faults are oblique to the strike of the main faults. These field relations fit a 

situation where the main faults have a significant component of sinistral strike-slip 

movement. Achmon (1986) estimated 300 meters of left lateral displacement in 

the region between Yoqneam to Jalame junction. This estimation of the 

displacement was based on the change in the direction of dry stream channels. 1t 

seems that it represents only the latest stages of the lateral movement. Achmon 

(1986) showed that there are slickensides in different directions, therefore, he 

claimed that it is not possible to estimate the amount of lateral offset as Freund 

(1970) had suggested. 
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An attempt to estimate the total amount of lateral displacement on the 

Carmel Fault was made by Achmon (1986) based on displaced rock units ftom 

both sides ofthe fault. West ofthe fault, the most northem exposure ofthe Ein­

Zeitim formation is in the Y oqneam area, whereas east of it, the most southem 

exposure ofthese rocks appears near triangulation point 108 (coordinate 

15980/23255). These two outcrops are 3,000 meters away ftom each other. The 

northem exposure ofthe Dalya formation, west ofthe fault, appears up to latitude 

235, whereas in the Jalame area it appears in the quarry (latitude 236) and north of 

it. These Dalya formation outcrops are separated by 1,500 meters. Achmon (1986) 

pointed out an oblique movement; he estimated the lateral component to be 1,000 

meters ofleft lateral displacement. Rotstein et al. (1993) accept the amount of 

lateral offset on the exposed faults that Achmon (1986) suggested, but, claimed 

that the totallateral offset is more than 3 to 4 kilometers. They drew that 

conclusion ftom high-resolution imaging of the Carmel Fault. 
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The recognition ofthe border fault between Yoqneam and the Jalame Junction as 

a large sinistral strike-slip fault fits well within a general model of the 

deformation in the southem Carmel. According to this, the eastem border fault of 

the Carmel is the eastem border of the clockwise rotating region. Therefore, a 

relatively large amount of sinistral movement is exist on this part of the fault 

(Achmon, 1986). Rotstein et al., (1993) suggested that the movement on the 

Carmel Fault is a pure strike-slip where the fault strikes northwest - southeast, 

and has a reverse component where the fault strikes north - south. 
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The main activity on the northeastem border faults of the Carmel occurred after 

the formation of the intemal folds of the Carmel (Kashai, 1966). Picard (1943) 

suggested that the faulting occurred at the Pleistocene, whereas Karcz (1959) 

claimed that they occurred at the Late Tertiary to Quatemary. Ron et al. (1984) 

showed that the main phase of the strike-slip faulting in the Galilee and in the 

Carmel region occurred at the period between the Late Miocene to Early Pliocene. 
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The mountain piedmont is built of young sediments ftom the Pleistocene to 

Holocene periods. The units are composed mainly of conglomerate and clays. The 
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conglomerate is composed of pebbles and cobbles from the mountain front rock 

units. The clays are red to brown clay from the flood plain of the Kishon River 

and from the mountain front. Above these young sediments there is 0.5 to 1 meter 

of recent soil. Achmon (1986) detected two "steps" about 2 m high on the 

mountain piedmont 3 km north of Yoqneam Junction. He suggested that these 

steps are young fault scarps. Seismic activity along the Carmel Fault indicates that 

the Fault is active (Ben-Menahem and Aboody, 1981; Rotstein and Arieh, 1986; 

Shapira and Feldman, 1987; VanEck and Hofstetter, 1990). Focal plane solutions 

reveal sinistral strike slip with a small compression component (Ron et al., 1990). 

The August 1984 earthquake (M=5.1) having such a focal plane solution is a good 

example for the general nature of earthquakes along the Carmel Fault (Ron et al., 

1990; Amiran et al., 1994). 
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8.4 Geomorpho!ogyand Tectonic Geomorpho!ogy 

The northem boundary of Mount Carmel is a steep slope associated with the 

Carmel Fault zone, which creates a significant mountain front. The water divide is 

passing through the eastem part of the high Carmel. The character of the streams 

is asymmetric on both sides of the water divide. East of the water divide there are 

short steep slopes and gullies, whereas to the west, there are long streams with a 

relatively moderate gradient. The short and steep gullies and streams that trend 

eastward, are young morphological features, which were probably formed only 

with the development of the mountain front. In contrast, the streams that flow to 

the west have a v-shaped valley, which indicate a long history of development. 

Near Isfiya, the water divide is located west of the anticlinal ridge. It is possible, 

that in the past, the water divide was located at the anticlinal ridge. Possibly, it 

migrated westward towards the moderate slopes, because of the proximity of the 

base level, the Kishon River, east ofthe ridge (Kashai, 1966). 
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The base of the mountain front can be divided to two morphologic districts: (1) 

The southem district from Tel-Kashish to the Ha'amaqim Junction, along the 

section where the Carmel Fault trends north - south; and (2) The northem section 

from the Ha'amaqim Junction to the Mediteuanean Sea where the Carmel Fault 
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trend SE-NW. A 5 km long and about 800 rn wide valley between the Tivon Hills 

and the rnountain front of the Carrnel characterizes the southem district. Within 

this district the Kishon River f10ws generally in strait direction with sorne srnall 

rneanders. The northem district is characterized by a very wide valley that 

delirnited on the south by the Carrnel rnountain front. In this section the Kishon 

River f10ws in wide rneanders pattem. 
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In the study area, the steep and uniforrn escarprnent along the hard rocks units, 

and the steep gullies with dry waterfalls, create an indication for young uplifting. 

Along the base of the rnountain front there are srnall step-like escarprnents, 

relatively straight, that can be suspected as fault scarps. Achrnon (1986) suggested 

that srnall scarps at the base of the rnountain front are recent fault scarps. He also 

showed that the rnain faults of the Carrnel Fault systern that trending N-S in the 

section frorn Yoqne'arn to the Ha'arnakirn Junction offset the courses of dry 

strearn channels by as rnuch as 300 rneters in a sinistral direction. This faulting, 

that offsets the course of the dry strearns, is subsequent to the developrnent of the 

rnain drainage systern that was caused by the uplifting. In the section between 

Jalarne and Nesher the strearn courses are relatively straight. This irnplies that 

there was no significant lateral rnovernent on the Carrnel Fault in this section in 

the near past. 
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Few alluvial fans that act as shutter ridges are located 500 rn north-west of 

Kibbutz Yagur (Figure 8.3) where the Carrnel Fault trends NW -SE. The head of 

each alluvial fan is not connected to the strearn that used to feed it. These 

displaced alluvial fans caused the blockage of the strearns in theirs course. As a 

result the strearns found their way around the alluvial fans (Figure 8.4). All the 

blocking alluvial fans are shifted at the sarne direction and thus it seerns that left 

lateral rnovernent along the Carrnel Fault caused this displacernent. The estimated 

total lateral displacernent is about 50 to 80 rn. This estirnation was rneasured by 

the strearn channels that f10ws around the alluvial fans, and when possible by the 

heads of the alluvial. It should be rernernbered that this is an estirnation and in 

sorne cases rnight represent an exaggeration of the real arnount of displacernent. 
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. s and stream channels north-west of Kibbutz Yagur רFigure 8.3 . Offset a11uvial fal 
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filled with gravel and silt, and they fit the size of the streams. In contrast to the 

Yagur area, the channels in the section between Y oqneam to J alame are very 

narrow, usually not more than one meter wide. It seems that these channels are 

evidence of a young tectonic interruption in the geomorphic development of the 

drainage system, probably due to the lateral offset of the channels courses 

(Achmon, 1986) and to rapid uplifting ofthe mountain front in this section. 
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In the southem part and in the northem part of the Kishon valley, where the 

Carmel Fault trends north - south, there are two hills on both side of the Kishon 

, River. The hills are triangulation point 108 and Tel-Kashish in the southem edge 

 A.) 8.2 , 8.1 and in the northem edge, Tel-Mua'mar and Tel-Jalame (Figureמ

intense deformation is clear in the southem hills (Figure 8.5(a)) and less clear in 

the northem ones. The existence of these hills may be explained by their specific 

location at the base of the mountain front, in the section where the Carmel Fault 

trends north - south. The reason for their appearance may be either compression 

at this part of the Carmel Fault like Rotstein et al. (1993) suggested, or more 

likely, by dextral stepping associated with sinistral movement that creates push up 

.)) swells. This might explain the different dips ofthe hills (Figure 8.5(b 
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The paleoseismology study along the Carm.el Fault involved running seismic line 

and trenching across suspected fault scarps. 
r-

Mapping of lineaments along the southem part of the Carm.el Fault was done 

using air photos dated from 1944 (Figure 8.6). This is the section where Achmon 

(1986) noticed the offset stream channels within the mountain range. We found 

that steam channels located east of the mountain front where also offset (Figure 

8.6). These displaced stream channels are sinistral offset by about 45 to 140 

meters (Figure 8.6) (From north to south - 80, 135, 50, and 140 m.) It seems that 

the three southem streams are offset on the path ofthe road. Because in 1944 this 

road was still a dirt road and there is no evidence of artificial diversion of the 

stream channels we conclude that sinistral movement of the Carmel Fault caused 

the offset these stream channels. 

r-
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In this region around coordinate 15975/23335 there are clear two linear scarps that 

form clear morphological steps at the base of the mountain front. These scarps 

were suspected as a degraded fault scarp. A high-resolution seismic line was done 

across these lineaments. This was done with the help of the Geophysical Institute 

ofIsrael (Dr. Ilan Brunner). 

The interpretation of the seismic line shows few faults (Figure 8.7). As the 

seismic line is do not provide data about the upper few meters it was not clear at 

that time if the faults reach the surface. Evidence of deformation were found in 

three zones: at the 60th, 120th, and 170th meter. The deformed zones in the 60th and 

120th meter are in accordance with the morphological scarps. In order to better 

understand the nature of the deformation zone and the faults we excavated 

trenches across the morphological scarp and the sites where the faults might reach 

the surface. 
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e base of the mountain front in the ןe at tl ןFigure 8.7. High-resollltion seismic lil 

e1 Fau1t. The 1ine crosses the lower amן em part of the C ןsoutl 

. 8.6 morphologica1 step (fau1t scarp?) that was mapped in Figure 

e wall of the ןd mapped tl ןT -1) through the lower scarp al ( ןWe excavated a trencl 

trench in detai1s (Figure 8.8). The stratigraphic sequence in the trench includes six 

main units (Figure 8.8). Unit DF is a debris flow composed of cal'bonate 

fragments 0.5 to 20 cm in a red clay matrix. Unit CLl is brown c1ay with small 

carbonate fragments (5 to 7 cm). Units B 1 and B2 are conglomerates that 

composed of the exposed formations in the mountain front nearby; unit Ml is 

d u.nit CL2 is clean dal'k brown clay ןmixed of unit CL 1, B2 and surface soi1; al 

e OSL method by Dr. N. Porat frOlll ןg tl ןFigure 8.8). Severa1 units wel'e dated USil ( 

the Geological Survey of 1srae1. Unit DF was dated to 80.0::!:10Ka and unit CLl 

a Neolithic site is present ןwas dated to 20.6::!:2.3Ka. At the 85 tl1 meter of the trencl 

inside unit B2 (Figure 8.8). 1ts age is estimated to 7 Ka (Persona1 comment by 

e Hebrew University) . 1t seems that ןNigel Goring, The Institute of Arche010gy, t1 
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the stratigraphic sequence in t11e section between the 60111 meter to the 80lh meter 

was undergone a significant deformation. There is some order in the stratigrap11ic 

sequence but in small scale this part of the trench is not in an order as the 

sequence at the rest ofthe trench. This area ofthe deformed section coincides with 

the morpho10gical scarp found on the surface . 
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ol"pI10!ogical step (fa.ll!t scarp?) at the 10רv,rel' i1 
. t רbase of the n10untain fl"OI 

Two more trenches were excavated across the major lineament that was suspected 

.) 8.6 to be a fault trace on the 1944 air photo (T-2 and T-3 east ofthe road, Figure 

ent. Five רSmall offset of stream cham1els were located along t11is linean 

stratigraphic units are exposed in the trench T-2 (Figure 8.9): Unit 1 is composed 

of poorly sorted conglomerate (10-15 cm). The boulders are mud supported by 

dark brown clay. Unit 2 cOl1tains dark brownish clay. Unit 3 composed of 

moderately sorted boulders (10-15 cln). Unit 4 contains reddish brown clay. Unit 

5 composed of poorly sorted boulders up to 20 cm big. The unit contains about 

300/0 cobbles; the boulders al"e mud supported by l-eddish clay. Above unit 5 there 

is 0.5 to 1 m thick soil (Figllre 8.9). 1t seems that the units in trench T-2 are 

Si111ilar to the units exposed il1 trel1ch T -1. 1t is most likely therefore that the ages 

ofthe ll11its in T-2 are simi1al- to the age ofthe same units i11 trench T-1. There was 

. no evidence to any kind of defonnatio11 or faulting in !his trench 
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Figure 8.9. The sout11em wall of trench T-2. The trench crosses a significant 

lineame11t that was 1napped on the air photo from 1944 that was 

suspected to be a fault trace at the surface (Figure 8.6). 

Trench T-3 was excavated about 300 m south of trench T-2. There are SlX 

stratigr'aphic U11its exposed in this trench (Figure 8.10): Unit 1 composed of dark 

brown clay. U11it 2 contains poorly sorted c011g10merate with boulders up to 25 cm 

big. The boulders are mud supported by brown clay, and in places there is 

presence of granules and cobbles. Unit 3 contains clean dark brownish clay with 

110 boulders presented except 011e bOlllders horizon in the middle of the unit. Unit 

4 contains gra11ules, cobbles al1d boulders up to 15 cn1 long. Unit 5 composed of 

bl'own clay. Unit 6 contains cobbles and bOlllders up to 10 C1n long. The gravels 

are n1ud supported by l'eddish clay, At t11e westen1 part of the trench there is a11 

outcrop of the stream ch a11l1 el that cross the road opposite of the trench (Figul'e 

lence of trench T -3 is quite similar to the seque11ce 8.6ן). The stratigraphic seq 

exposed in trenches T-l a11d T-2. No significant defonnation or faulting was 

. observed in the channel 
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lthern wall of trench T-3 . The trench Cl'osses a significant ןFigure 8.10. The sO 

linean1ent that was mapped on the air photo fTom 1944 that was 

.) 8.6 suspected to be a fault trace at the surface (Figure 

About 1 km north of Kibbutz Yagur Feigin (1994) performed a grou.nd 

penetrating l'adar (GPR) along a dirt l"oad perpendicular to the Carn1el Fault at the 

base of the n10untain fT011t. Feigin (1994) l"ecognized few shallow faults alo11g the 

line. We excavated a 50 m long and 4 m deep trench along this dirt road in order 

to detect these faults (Figure 8.3). The stratigraphic sequence in the trench 

includes five mai11 units. Units 1,2,3 and 5 are cOlnposed of brown clay with 

variable amount and size of carbonate fragments and dolomite pebbles Whel"eaS 

. nation ךunit 4 is composed of conglo111erate of dolomite pebbles of the Yagur fOl 

1.5n1x 1.5mx2m) along the trench, w11ich ~ There is presence of big boulders ( 
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might roll from the mountain front during big earthquakes. We dated unit 1 to 

18.5:t2.5Ka, unit 3 to 26.8:t3 .2Ka, unit 4 to 43 .6:t5 .0Ka, and unit 5 to 33.5:t5.1Ka 

using the OSL method. At the 36111 meter of the trench there is abrupt 

discontinuation of about 1 m in unit 4 and the unit continues to the NE 20 cm 

lower. A fault plane was not presented but this discontinuation may represent a 

fault at the base of the trench that displayed 0111y the lower units exposed in the 

tre11ch. Feigi11 (1994) showed a fault at tl1is location in the GPR line but there is 

no evidence in the trench for the rest of the faults that he located. This 

displacement probably occurred about 35 ,000 years ago and since then there was 

no further displacement on this fault . 
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Figure 8.11. Tl1e sout11em wal1 of the trench north-west of Kibbutz YaguI-. Notice 

tl1e sn1all fault at the base of the trench. 
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8.6 Discussion 
i""I 

Tectonic activity along the Cannel Fault was observed from the Miocene to the 

Pleistocene and is well defined in the geological record (e.g Kartz, 1958; Picard 

and Kashai, 1958; Kashai, 1966; Kafri, 1971; Ben-Avraham and Hall, 1977; Kafri 

and Folkman, 1981; Achmon, 1986; Ron et al., 1990; Rotstein et al., 1993; 

Achmon and Ben-Avraham, 1997). The Cannel Fault is seismically active at the 

present as is recorded by the Israeli network (Ron et al., 1990; Amiran et a1., 

1994; Hofstetter et al., 1996). Still, there is a gap ofinformation about the activity 

of the fault from the Upper Pleistocene to the Holocene. In the present work we 

looked along the Cannel Fault for displaced alluvial fans and offset stream 

channels along the mountain front piedmont, and recent faulting. In the following 

chapter we will discuss the possibility of seismic activity and faulting during the 

Upper Pleistocene and Holocene. 

i""I 

r-י 

f"I'II 

rIIIII 

rIIIII 

f'iIIII 

The displacement of the alluvial fans at the northem part of the Cannel Fault and 

the offset stream channels at the southem part happened in a sequence of 

earthquakes, with a magnitude larger than M=5.5. This occurred in that way, as 

the amount of displacement is larger than could occur in a single surface rupture 

and as it is agreed that the minimum magnitude of an earthquake that wi11 cause 

surface rupture is about 5.5 (Wells and Coppersmith, 1994). It is clear, therefore, 

that the sinistral offset of tens of meters should occur in more than one earthquake 

but still, we did not find features that would allow us to separate the total amount 

of displacement to different events. The time of the displacement of the offset 

stream channels at the southem part of the Cannel Fault is delimited by the age of 

the sediments in trenches T-1, T-2, and T-3. In case that the age ofthe lower units 

in trenches T-2 and T-3 are the same as unit DF in trench T-1 (80.0:i:10Ka) this 

displacement occurred before 80,000 years ago. The absence of significant 

deformation along the lineament that offset the stream channels may be regard to 

the dominant of clays in the stratigraphic sequence present in the trenches. The 

nature of the clay and its ability to "flow" probably erased any fault plane or other 

deformation that might have been present in the trench. 
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The scarp that was located along the lineament at the foothill of the Carm.el can be 

explain either by a neotectonic activity or by the activity ofthe Kishon River. 

The geological sequence that is derived from trench T -1 does not give 

conspicuous evidence of a simple surface rupture that had happened during an 

earthquake event. Although there is no clear evidence for any earthquake, we 

think that there are still enough data to conclude that this scarp is the result of a 

tectonic activity: 

(1) The lineament is a straight line which is not the case in river margins. More 

than that: The formation of the scarp at the surface occurred after 20 Ka (the age 

ofunit CL1 in trench T-1). During that period, the mean sea level height was few 

tens of meters below the sea level height of today. This data implies that the 

Kishon River was also lower at least in few tens of meters than today and that the 

source of these sediments is not the Kishon River but probably the mountain front. 

If that so, it is not possible that the scarp was formed by activity of the Kishon 

River, but it was formed by tectonic activity. 

(2) the seismic line that was conducted perpendicular to the scarp show clearly 

few faults one ofthem at the exact location ofthe scarp. 

(3) The data from the trench show a clear deformed zone right below the scarp. 
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The deformed zone in trench T-1 located beyond the morphological step (scarp) 

and above the deformation zone in the seismic line. Each major type of faulting -

strike-slip, normal-slip and reverse-slip - produces a characteristic assemblage of 

landforms. Normal and reveres faults generally produce different geomorphic 

features because they ref1ect either crustal extension or contraction, respectively. 

Geomorphic features associated with reveres and thrust faults are more subtle and 

difficult to recognize than those of strike-slip and normal-slip faults. Much of this 

difficulty lies in the fact that reveres and thrust faults may not rupture the Earth' s 

surface. Where surface rupture does occur, the resultant scarps have complex, 

sinuous pattems and may be broad and poorly developed. Overthrusting of the 

hanging wa11 block commonly forms a "bulldozed" appearance of the scarp, with 

complex shuttering of the surface of the uplifted side of the fault. Where rupture 

does not reach the surface, repeated displacements along the fault produce 

warping, tilting and/or folding of deposits in the upthrown block of the fault 
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(Lettis and Kelson, 1998). It may be that the deformed zone in trench T -1 is the 

expression of faulting at the subsurface that cause the deformed zone in the trench 

and the scarp on the surface. 
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A model for the development of the Carmel was presented by Rotstein et al. 

(1993). According to this model, a phase oftension that caused a normal faulting 

in Yisra'el Graben, was followed by lateral motion on the Carmel Fault at the 

middle Miocene. In the Late Miocene, the Kishon Graben was starting to form, 

while the lateral motion continues on the Carmel Fault. At this stage, there was a 

motion with normal component on the section of the Carmel Fault that trend 

southeast - northwest, whereas at the section that trend north - south, there was a 

pure left lateral motion. At the Pliocene, subsequent to the rotation of 30° of the 

southern Carmel, the section of the Carmel Fault that trends north - south was 

locked to lateral motion, and a compression, uplifting and tilting to the southwest 

began. A pure left lateral motion occurred on the section that trends southeast -

northwest, while on the section that trends north - south, a reverse motion with a 

small component of left lateral motion occurred. They claimed that the totallateral 

motion upon the Carmel Fault continues until today. Focal plane solution of the 

earthquake in 1984 sows also a strike slip motion with compression at the 

southern part of the fault (Ron et al., 1990). It is conceivable that the compression 

component is taking place as a reverse or thrust fault at the mountain piedmont. 
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The model suggested by Rotstein et al. (1993) may fit the observation that we 

found along the base of the mountain front. It might be that the scarps in the 

section of the fault from Yoqneam to the Ha'amaqim Junction, where the fault 

trends north - south, are folds or warps that were formed as consequence of 

reveres or thrust fault at the subsurface. This might explain the absence of 

evidence of faulting in trenches T-l, T-2, and T-3. Further more, if the alluvial 

fans north of Kibbutz Yagur are really lateral displaced, it agrees with this model 

for the recent motion upon the Carmel Fault: a compression on the north - south 

segment, and a left lateral movement on the northwest - southeast segment. 

r-י 

r­
i 

r 

The form of faulting along the Carmel Fault might be explained in terms of strain 

partitioning. This model suggests that the motion along major strike slip faults 
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partitioned on different faults. The vertical component occurs on tilted fault planes 

and the lateral component occurs on vertical fault planes (Lettis and Hanson, 

1991). Along the southem part of the Carmel Fault it may be appropriate to 

describe the faulting with this model. The sinistral strike slip motion occurred on 

the faults inside the mountain ftont (Achmon (1986) offset streams) and the 

vertical component occurs on the base of the mountain ftont. Thus, the faulting at 

the base of the mountain ftont is a reverse faulting. It is noticeable though that the 

offset stream channels in this section of the fault are in discordance with this 

model. 
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Heimann et al. (1999) tried to find evidence of faulting in the form of 

paleoliquefaction of the soils at the Haifa bay area (For details see other chapter in 

this report). They excavated tens oftrenches with a totallength ofmore than 1 km 

in a few locations ftom Akko to Haifa. Heimann et al. (1999) did not find any 

positive evidence for paleoliquefaction in these trenches. 
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It is possible therefore to conclude that although the Carmel Fault is seismically 

active and it displaced Pleistocene features such as alluvial fans and stream 

channels, there was no surface rupture in the last few tens of thousands of years 

along it. This may happened because during this time the Carmel Fault did not 

form earthquakes with magnitude M>5.5. Nur and Walder (1992) suggested that 

the recurrence time of earthquakes depends on the pore pressure and it could be in 

the scale of 103 to 105 years. It may be that the recurrence time of earthquakes that 

cause surface rupture on the Carmel Fault is longer than tens thousands of years. 

Still, as suggested above, although no fault rupture occurred, thrusting and 

deformation of the surface might occuued during that period. 
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9 Discussion ~ 

The cities ofHaifa and Eilat, and their neighboring cities, are sited on the active 

Dead Sea Transform Fault and its major branch the Carmel Fault. Earthquakes of 

magnitude 7 and above in the Eilat area, and 6 and above in the Haifa Bay area 

are possible. Thus, and as both cities form areas with large populations, their 

seismic hazard is high. 

In the present study we tried to evaluate some components ofthe seismic hazards 

of the areas. We surveyed both areas for paleoliquefaction features, we made a 

geotechnical study, and in the Haifa area studied the neotectonic and 

paleoseismology ofthe Carmel Fault. 

Using boreholes data ofupper subsurface sequences we recognized the 

northem shore ofthe Eilat Bay and a strip from Akko to the K.ishon (with a width 

ofa few km) as sites ofhigh potential for liquefaction. We opened trenches at a 

few sites in these areas in order to identify paleoliquefaction features. A precise 

survey was carried in trenches with totallength of about 2 km. No evidence for 

paleoliquefaction features was found. 

It should be emphasized that the trenched sections are only about 3-4 meters 

deep, and are not below the present water table. Therefore, we may have missed 

any liquefaction features that exist below the present water table. But, as the water 

table level changes, as can be seen from the section, we believe that the present 

exposed sections have been, and still are, at times, under water (which is essential 

for liquefaction to occur). Moreover, we believe that even if liquefaction had 

occurred at a depth greater than that ofthe trenched section, we would see 

liquefaction features above the liquefied layer. 

Therefore, as we have not identified any liquefaction features at any ofthe 

checked locations (En Hamifraz, Kefar Bialik, Kishon Port in Haifa and the Hotel 

area in Eilat), we assume that liquefaction did not occur, at least at these specific 

sites. 

The age ofthe samples from the bottom ofthe trenches (in Haifa) can assist in 

estimating the minimum period during which the areas did not suffer from 

liquefaction. 
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Therefore the En HaMiftatz area did not suffer ftom liquefaction during the last 

3.7 ky, the Kefar Bialik area during the last 2.8 ky, and the Kishon area during the 

last 3.2 ky. These are minimum ages. Ifwe assume that the whole area would 

experience liquefaction when it occurs at any site, then the maximum found age, 

3.7 ky, is the minimum age for the period that the Haifa Bay area did not suffer 

from liquefaction. 

Geotechnical studies were carried out in Eilat and in the Haifa bay areas. 

Summarizing the data from Eilat, it is clear that the danger of liquefaction at the 

Eilat site is highly dependent on the magnitude and proximity of the earthquake, 

and level ofthe ground water table at the site. Both field tests and laboratory 

studies show that the in-situ sand in portions of the profile has a very low relative 

density, and would be expected to liquefy under strong earthquake input. The field 

tests suggest that a magnitude 6.5 earthquake, applying a peak ground 

acceleration of 0.3 may result in some liquefaction, and this would be higher 

spread for stronger events. Cyclic triaxial tests, performed on samples taken ftom 

the top 2 meters of the profile, reinforce this conclusion, showing that only a few 

cycles (3 - 4) of a magnitude 6 or more earthquake causing a peak ground 

acceleration of at least 0.3 g. may result in liquefaction in the upper two meters at 

the site, if they were submerged. With regards the portion of the profile presently 

below water table, a magnitude 7.0 event at least, causing a peak ground 

acceleration ofO.3g or more, would appear to be required to cause liquefaction. 

In the sand ofthe Kishon we found that the relative density is ofthe order of70%. 

The stress-strain curves, and effective stress paths observed in triaxial tests on 

undisturbed and reconstituted samples coincide almost precisely, suggesting that 

natural structural effects in this soil is not ofmajor significance, and, 

consequently, reconstituted samples could reasonably be employed in order to 

study the behavior of the undisturbed material. The effective stress paths obtained 

from undrained tests are seen to show the highly dilative behavior demonstrated in 

the drained tests. The response of the undisturbed Kishon sand to monotonic shear 

loading suggests that this material would be significantly less prone to 

liquefaction than the Eilat soil. 

A significant difference between the Eilat and Kishon sites is evident. The Eilat 

sample, under a cyclic stress ratio of 0.25, developed 1 % strain after 11 loading 

cycles of 0.25 stress ratio, whereas the Kishon sand, under a higher stress ratio of 
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0.35, withstood 30 load cycles before developing the same strain. The pore 

pressure developed significantly faster in the Eilat samples than in the Kishon 

samples. For example, for a stress ratio of SR = 0.25, u is seen to reach 100% of 

its maximum value after about 12 cycles in the Eilat samples, while in the case of 

Kishon sand, only 36% of maximum pore pressure was developed after 100 

loading cycles. The Kishon sample tested at a stress ratio of 0.35 showed stiffer 

behavior and less pore pressure development than the Eilat sample under a stress 

ratio ofO.25. 

We compared the cyclic stress ratio versus the number of cycles required for 

liquefaction for Eilat the Kishon and ofkurkar-sand from the Nitzanim site and 

Monterey sand. The Kishon results lie close to the upper limit ofthe Nitzanim 

kurkar-sand, and above the Monterey sand, whereas the Eilat results lie close to 

the lower bound suggested for the kurkar-sand, and significantly below the curve 

for the Monterey sand. The Kishon results indicate that a peak ground 

acceleration ofO.3g, corresponding to an equivalent stress ratio in the upper part 

ofthe profile ofabout 0.38, would require 15 - 20 loading cycles in order to cause 

liquefaction. A magnitude 7.5 earthquake would be required in order to develop 

such conditions. 

Tectonic activity along the Carmel Fault was observed from the Miocene to the 

Pleistocene and is well defined in the geological record. The Carmel Fault is 

seismically active at the present as is recorded by the Israeli network. Still, there is 

a gap ofinformation about the activity ofthe fault from the Upper Pleistocene to 

the Holocene. In the present work we looked along the Carmel Fault for displaced 

alluvial fans and offset stream channels along the mountain front piedmont, and 

recent faulting. 

The displacement ofthe alluvial fans at the northem part ofthe Carmel Fault and 

the offset stream channels at the southem part happened in a sequence of 

earthquakes, with a magnitude larger than M=5.5. This is evident since the 

amount of displacement is larger than could occur in a single surface rupture. The 

time of the displacement of the offset stream channels at the southem part of the 

Carmel Fault is delimited by the age ofthe sediments in trenches (80.0:!:10Ka) and 

thus, this displacement occurred more than 80,000 years ago. The absence of 

significant deformation along the lineament that offset the stream channels may 

be due to the dominance of clays in the stratigraphic sequence present in the 
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trenches. The nature ofthe clay and its ability to "flow" probably erased any fault 

plane or other deformation that might have been present in the trench. 

The deformed zone in trench T-l is located beyond the morphological step (scarp) 

and above the deformation zone in the seismic line. Each major type of faulting -

strike-slip, normal-slip and reverse-slip - produces a characteristic assemblage of 

landforms. Normal and reverse faults generally produce different geomorphic 

features because they reflect either crustal extension or contraction, respectively. 

Geomorphic features associated with reverse and thrust faults are more subtle and 

difficult to recognize than those of strike-slip and normal-slip faults. Much of this 

difficulty lies in the fact that reverse and thrust faults may not rupture the Earth's 

surface. Where surface rupture does occur, the resultant scarps have complex, 

sinuous pattems and may be broad and poorly developed. Where rupture does not 

reach the surface, repeated displacements along the fault produce warping, tilting 

andlor folding of deposits in the upthrown block ofthe fault. 1t may be that the 

deformed zone in trench T -1 is the expression of faulting at the subsurface that 

caused the deformed zone in the trench and the scarp on the surface. 

We observed that the scarps in the section of the fault from Y oqneam to the 

Ha'amaqim Junction, where the fault trends north - south, are folds or warps that 

were formed as a consequence of reverse, or thrust fault at the subsurface. This 

might explain the absence of evidence of faulting in trenches T -1, T -2, and T -3. 

Further more, ifthe alluvial fans north ofKibbutz Yagur are really lateral 

displaced, it agrees with this model for the recent motion upon the Carmel Fault: a 

compression on the north - south segment, and a left lateral movement on the 

northwest - southeast segment (as suggested also by Rotstein et al., 1993). 

1t is possible therefore to conclude that although the Carmel Fault is seismically 

active and it displaced Pleistocene features such as alluvial fans and stream 

channels, there was no surface rupture along it in the last few tens ofthousands of 

years. This may be because during this time the Carmel Fault did not initiate 

earthquakes with magnitude M>5.5. Nur and Walder [1992] suggested that the 

recurrence time of earthquakes depends on the pore pressure and it could be in the 

scale of 103 to 105 years. 1t may be that the recurrence time of earthquakes that 

cause surface rupture on the Carmel Fault is longer than tens ofthousands of 

years. Stil1, as suggested above, although no fault rupture occurred, thrusting and 

deformation of the surface might have occurred during that period. 
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10 Summary and Conclusions r-י 

No liquefaction features were observed in sites in the Haifa and Eilat Bay . 1 i 
! 

. areas although these sites had the potential to have such features 

The Carmel Fault is seismically active and it displaced Pleistocene . 2 rי'" 
! 

. features such as alluvial fans and stream channels 

No evidence for surface rupture was detected in the trenches opened along . 3 ~ 
I 

the Carmel Fault although faults were located in a seismic line. A zone of 

deformation was located in the trench underneath the fault scarp directly 
rי'" 
, 

above one of the faults identified in the seismic line. This could be ,. 
. interpreted as a blind fault I , 

It is possible therefore to conclude that although the Carmel Fault is . 4 

seismical1y active and it displaced Pleistocene features such as al1uvial 

fans and stream channels, there was no surface rupture in the last few tens 
~ 

ofthousands ofyears along it. This may be because during this time the 

Carmel Fault did not initiate earthquakes with magnitude M>5.5. It may 
f'"" 

be that the recurrence time of earthquakes that cause surface rupture on the ( 

Carmel Fault is longer than tens ofthousands ofyears. Still, as suggested 
i 

above, although no fault rupture occurred, thrusting and deformation ofthe 

. surface might have occurred during that period r 
The geotechnical studies indicated a significant difference between the . 5 

liquefaction potential of the Eilat and Kishon sites. The Eilat site appears 
i 

to have a potential for liquefaction under the action of an earthquake of I 
I 

magnitude 6.0 or greater, producing a peak ground acceleration ofO.3g or r-
more. On the other hand, at the Kishon site, a peak ground acceleration of 

I 
.\ 

0.3g would onlybe expected to cause liquefaction ifit resulted from an 
י

earthquake ofmagnitude about 7.5. It is not surprising, therefore, that no I 
signs ofpaleoliquefaction are evident at the Kishon site. On the other I!II!I 

I 

hand, such signs may have been expected at the Eilat site, since magnitude 
, 

6 events, developing peak ground accelerations ofO.3g or more, may iIII 

. conceivably have occurred in the past I 

It seems, therefore, that an earthquake with magnitude of 6 and above (that . 6 f'יI 

ruptured the surface) did not occur along the Carmel Fault in the last few 

r 
!, 

r 
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tens of thousand of years. The geotechnical information suggest that 

liquefaction in the Haifa Bay would occur as a result of an earthquake 

greater than 7.5, but such an event has not occurred on the Carmel Fault 

for a very long time and thus the non-finding ofpaleoliquefaction features 

is not surprising. It is therefore suggested that the seismic hazard due to 

surface rupture or liquefaction in the Haifa Bay area is not high. 

7. In Eilat, an area producing earthquakes with magnitudes higher than 7, the 

geotechnical studies indicate that liquefaction may be expected to occur as 

a result of an earthquake of magnitude 6 or higher. Therefore, the non­

finding of paleoliquefaction features is surprising. We suggest that the 

seismic hazard of Eilat, due to potentialliquefaction must be regarded as 

high. 
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