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Excursion 3:

Formation of sinkholes along the shore of the Dead Sea

Yechielil, Y., Abelson?, M., Wachs?, D, Shtivelman?, V., Crouvil, O.,
and Baer?, G.

1 — Geological Survey of Israel
2 — Geophysical Institute of Israel

Introduction

Hundreds of sinkholes have formed along the Dead Sea (DS) coast during the past ten
years. Sinkholes have started to occur in several parts of the DS coast already since
the 80’s (Arkin, 1993). Sinkholes also occur in the eastern Jordanian side of the DS
(Tagieddin et al., 2000), though only in its southern part. The dimensions of the
sinkholes reach up to 13 meters in depth and 25 meters in width. These sinkholes
represent dangers both to life and property, disrupt life in the area, and aversely affect
building and development. The formation of the sinkholes is a dynamic process
continuing to the present day, and which result in their development in unexpected
sites.

The preliminary study aimed at understanding and recognizing the subsurface
geological mechanisms leading to the formation of sinkholes. This research
incorporates fieldwork and geophysical tools in order to study sinkholes formation.
Boreholes were drilled in order to get geological and hydrological information and to
verify some of the data obtained by geophysical methods. The combination of field
and aerial photographic studies, together with data obtained from the subsurface,
allowed the preparation of a preliminary conceptual hydrogeological model that

presents most of the factors involved in the formation of the sinkholes.

Evolution of sinkholes’ sites

Early studies (Raz, 2000; Itamar and Reizmann, 2000) showed that the sinkholes are

not uniformly scattered on the Dead-Sea shores, but rather occur as clusters.



Nowadays about 30 sinkholes sites are known (Fig. 1). In order to monitor the
sinkholes development, we used aerial photographs as well as ortho-rectified aerial
photographs, from various time-series (Abelson et al., 2002). The data sets from the
rectified photographs were incorporated in the geographic information system (GIS)
recently built for this project. The GIS enables a more quantitative processing of the
data acquired from the monitoring of the sinkholes development (Fig. 2).

From the monitoring by aerial photographs it appears that sinkholes tend to develop
along lineaments in most of sinkhole sites. The linear development occurs in two
modes: new sinkholes occur between older sinkholes without prolongation of the
lineament, while in the second mode sinkholes occur at the edges of the lineament,

hence extending the sinkhole lineament.

Parameterization of sinkholes development were made by the GIS in two sites, taken
as case studies, the sites of Hame Shalem and Hever north (Fig. 2). The temporal
differences between these two sites can be assessed by comparing several sinkholes
parameters, such as their number and aerial size (Yechieli et al., 2002). The number of
sinkholes present at a given time is a problematic parameter for assessing the
sinkholes development since often several small sinkholes merge into one big
sinkhole. The total area of the sinkholes seems to better represent the sinkholes
development which shows an exponential growth rate (Fig. 2). Another interesting
observation is that the abrupt growth in sinkholes total area starts at different times:
during 1999 at Hamme Shalem, and during 2000-2001 at Hever north. These
differences are probably related to the local geologic and hydrogeologic conditions of

each site.

Sinkhole Lineaments along Cryptic, Likely Active, Young Faults

The sinkholes around the DS cluster in some 30 sites, where each site includes from 5
to more than 50 sinkholes. Almost all sinkhole clusters display a linear shape.
Comparison between the trends of the sinkhole lineaments, the exposed faults, and the
zigzagging rift wall segments shows a striking similarity (Fig. 3a and 3b). All features
show a predominantly bimodal distribution with NNE and NW principal directions

(Fig. 3b). No relations are found between sinkhole lineaments and other surface



features such as ancient or current DS shorelines, or alluvial fans. These observations

suggest that sinkhole formation is controlled by faults concealed within the rift fill.

To confirm this linkage between buried faults and sinkhole lines we conducted
profiles of seismic reflection across and along sinkhole lines in five different sites. In
the examined sites the sinkhole lineaments were found to overlie prominent
discontinuities. For instance, profiles across the sinkhole lines in the Neve Zohar and
Hever-south sites (Fig. 1) display clear discontinuities interrupting the reflectors
beneath the sinkhole lines (Fig. 3c and 3d) that offset young sediments several
thousands of years old. In the Hever-south site layers shallower than 20 m are offset
beneath the sinkhole line (Fig. 3d). 14C dating of the salt layer at depth of 27 m
(sampled from a borehole in this site) indicates 10 kyr (Fig. 3d), suggesting that the
offset layers are younger than 7500 years. This implies that the faults are young and

likely active, but bear no surface manifestation other than the sinkhole lineaments.

Sinkholes and land subsidence observed by radar interferometry
(InSAR)

Subtle land subsidence along the DS coast was recently detected by INSAR (Baer et
al., 2002). Sixteen SAR scenes obtained by the European Remote Sensing satellites
ERS-1 and ERS-2 during 1992 to 1999 were analyzed, spanning periods of 2 to 71
months. Gradual subsidence features, a few hundred meters to a few kilometers long,
with subsidence rates of 0-20 mm/yr, were found in association with most sinkhole
sites (Fig. 4). This subsidence was attributed to the consolidation of the clayey (and/or
silt) layers within the alluvial fill due to the level-drop of the DS and the associated
drop of groundwater level (Baer et al., 2002).

Sinkhole lines occur either within the subsiding areas, or along the boundaries of
these areas (Fig. 4). For example, in the En-Gedi south area, a sinkhole line oriented
062° (Fig. 4b) is located within the subsiding area sub-parallel to its straight
northwestern boundary; the southwestward continuation of the sinkhole line coincides
with another straight boundary further to the west (Fig. 4b). This configuration may
be interpreted as two sub-parallel ENE trending faults, suggesting that both sinkhole
lines and linear boundaries of the subsiding area reflect buried faults.



Seismic refraction and drilling results — A salt layer beneath
sinkholes

Geophysical methods, such as seismic refraction, allowed the recognition of the salt
layer, which is essential condition for the formation of sinkholes on the surface. The
subsurface extension of the salt layer has yet to be mapped. In the northern part of the
Dead Sea area (north of Zukim), no evidence was found for the salt layer in the
subsurface, and no sinkholes were observed on the surface.

The borehole in Nahal Hever alluvial fan (Hever 1), located among sinkholes about 1
km south of the Hever North site, encounter a salt layer (11 m thick), penetrated at a
depth of 24 m (Fig. 5), as predicted by the geophysical data. The age of the salt layer
was found to be ~10,000 years, similar to salt layer in the Zeelim area (Yechieli et al.,
1993). Another borehole (Hever 3), that was drilled 40 m to the south of Hever 1 to a
depth of 37 m, did not encounter the salt layer. At depth interval of 23-29 m a cavity
was found, at the same stratigraphic level as the salt layer in Hever 1 (Fig. 5). This
observation strongly supports the hypothesis that dissolution within the salt layer is

the primary cause for the formation of the DS sinkholes.

Mechanism of the sinkholes’ formation

The rapid formation of sinkholes in the last years has been suggested to be related to
the rapid drop of the Dead Sea level during the past decades (Arkin, 1993; Arkin and
Gilat, 2000, Wachs et al., 2000). This drop resulted in rapid and drastic changes in
the hydrogeological conditions in the near-shore subsurface. During the past thirty
years, the sea level dropped by some 20 m (at the rate of ~80 cm/year). As a result of
this lowering, the level of the regional groundwater has dropped (Yechieli et al.,
1995), as expected. The drop of sea level is accompanied by the retreat of the
shoreline toward the center of the basin. The shoreline retreat and reduction in the size
of the sea are accompanied by a change in the location of existing springs, and in the
appearance of new springs along the shoreline. In the subsurface, the drop in
groundwater level is accompanied by changes in the location of the fresh-saline water

interface, which also retreats toward the center of the basin.



Considering all observations mentioned above, we suggest a mechanism that
combines gradual land subsidence and sinkhole-fault linkage with the formation of the
DS sinkholes (Fig. 6). The trigger for the land subsidence is also the drop of the DS
level and of the surrounding groundwater levels. This drop decreases the pore
pressure in the aquifer system and increases the effective stresses in the rock column
(Amelung et al., 1999; Galloway et al., 1998; Terzaghi, 1925). Consequently, areas of
higher clay content are differentially compacted (Baer et al., 2002). The eastward
migration of the saline-fresh water interface brings water sub-saturated with respect to
halite towards the buried salt layer, causing salt dissolution and formation of cavities.
This notion is strongly supported by a recent finding of sub-saturated water below and
above the salt layer in boreholes near the sinkhole site of En-Gedi plantations (see
Fig. 1 for location). Several-meter-thick aquiclude layers above and below the salt
layer (as indicated in several boreholes, Fig. 3d) may restrict access of the sub-
saturated water to the salt layer. However, differential compaction could generate and
localize shear strain within the clayey layers along or parallel to pre-existing faults.
These faults may then serve as conduits for the sub-saturated water to the salt layer
(Fig. 4) hence forming cavities in the salt layer. With time, the ceiling of the cavity
collapse followed by the collapse of the overlying unconsolidated sediments into the
empty spaces. Temporary ceilings may occur in a relatively consolidated layer within
the unconsolidated sedimentary section. The process ends in the formation of
sinkholes on the surface. It should be noted that dissolution of rocks is the major
cause of sinkholes’ formation in many parts of the world (e.g., Martinez et al., 1998;
Galloway et al., 1999; Beck and Herring, 2001). Another effect of the decrease in
water level could be the decrease in hydrostatic pressure in the subsurface, in pre-

existing cavities, which could also be responsible for formation of sinkholes.

The system of the evaporation ponds of the Dead Sea Works in the southern basin of
the Dead Sea apparently presents different conditions that require special
consideration. The water level in the ponds is higher today than that of the Dead Sea
level of the 1980’s. Moreover, the nature of the hydrological relationship between the
pond water and the regional aquifer that occurs at greater depth is not clear and is
currently under study. It is also possible that another process is responsible for the
sinkholes’ formation in this area, which could coincide with the process of the

dissolution of salt.



Field trip stops

Stop #1 - A lookout at the exposed Lintch strait

The sinkholes sites in this area are very large, with more than 100 sinkholes, along
distinct lineaments. These sites occur east of the open canal of the Dead Sea Work
where the sediment consists mainly of clay and silt layers. The strait is an area of
subsidence bounded between two long lineaments (several kilometers long) of
sinkholes, Lisan site in the east and Metsada-Rachaf sites in the west (Abelson et al.,
2002).

Stop #2 - Zeelim Wadi

This is an Hydrogeologic station where the geological and hydrological feature of the

Holocenic Zeelim Formation can be observed.

a — In the small creek draining into the DS the Zeelim Formation is build mainly of
clay and silt layers with some gravel layers. In this site, a 34 meter borehole was
drilled, where a 6 meter salt layer was found at depth of 24-30 meter whose is about
10,000 years. Refraction survey indicate that this salt layer does not extend much

farther to the west.

b — In the coastal area the wet clayey sediments can be observed. The high moisture
content in these sediments is explained by the relatively high clay content and, more
important, by the high salinity of the sediment, containing large concentration of

hygroscopic salts.

¢ — Near the shoreline, sedimentary phenomena of halite precipitation are found. The
salt was precipitated in the last years since the DS had reached saturation with respect
to halite. The halite appears in hard salt layer and/or in spheres very near the

shoreline.



Stop #3 - Hever-south site

This is one the major sinkholes sites where deep sinkholes can be found. The
geological section here is mainly gravel of different gravel size. The deepest sinkhole
here is 13 meter, where the monitoring borehole collapsed. This borehole revealed a
geological section of gravel and clay to depth of 24 m and under 35 meter (Fig. 5) and
in the middle a salt layer whose age is around 10,000 years. In a nearby borehole,
about 40 meters to the south, a cavity of 6 meters was found at the same stratigraphic

level of the salt layer (Fig. 5).

The alignment of sinkholes in this site displays a preferred orientation trending 340°.
This trend is at same direction and at the continuation of the sinkhole lineament of the
more southerly-located Asa’el site (Fig. 7). This trend also meets the single sinkhole
of Hever-central site in the center of Hever alluvial fan. Two lines of seismic
reflection were conducted in this site exposing clear discontinuities beneath the
sinkholes (Fig. 3e). This suggests that the sinkholes in this site occurred above a
fault zone oriented ~340°. According to aerial photographs from various time series
it appears that the sinkholes development has propagated from Asa’el site (1987) to
Hever-south (~1997) and then to Hever alluvial fan (2000). From the INSAR images,
it is seen that only Asa’el site is located in the subsidence area. These observations
may suggest that the activity along the concealed NW-trending fault was initiated due

to the subsidence and then migrated northwestward into the Hever alluvial fan.

Stop #4 - An outlook from Kibbutz En-Gedi on the sinkhole site of
En-Gedi-south (Yesha)

The sinkholes of this site form two linear fjord-like trenches that are filled with the
DS water. The trends of the two sinkhole lines are 348° and 62° (Fig. 4). In the last 3
years sinkholes have been occurring along these two lineaments between older
sinkholes without extension of the northern limb, and moderate extension of the
southern limb. The open area south of the sinkhole site is subsiding, as observed by
INSAR. The boundaries of the subsidence area are straight and parallel and/or at the
continuation of the sinkhole lines of En Gedi-south site (Fig. 4b). As presented in
Fig. 4b, the sinkhole lines and the subsidence area expose the young tectonic fabric
buried within the rift fill.



Stop #5 - En Gedi camp site, and Stop #6 — En Gedi date plantation

These sites are located in a man-active region that severely suffers from the collapse-
sinkholes. The sinkholes in this area develop within sediments of alluvial fan
(conglomerate and fine detritus), hence forming deep sinkholes which has caused
severe damage to the camp site and the plantation. The sinkholes in this area are
distributed among ~7 clusters comprising 2-10 sinkholes in each cluster. These
clusters form a lineament oriented ~348°, parallel to the northern limb of En-Gedi-
south site (Fig. 2?). The sinkhole lineament defines a ~150 m wide risk-belt, where
the probability of sinkholes occurrence is culminated. The sinkhole-risk-belt is
stretched from the present DS shoreline near the military camp, through the camping
site, across the main road northeastward to the date plantations. Three profiles of
seismic reflection crossing the risk-belt indicate that the sinkhole risk-zone is a

surface expression of a concealed fracture zone.

Several boreholes were drilled in this area, east and west of the sinkholes-risk-belt;
and one borehole was drilled within the risk belt within the risk-belt near a sinkhole
cluster in the date plantation. The boreholes east of the risk belt encountered a ~20 m
thick salt layer in a depth of 50 m, whereas, the boreholes west of the risk-belt showed
no indication for salt. The borehole within the risk-belt penetrated a ~2 m thick salt
layer in a depth of ~50 m. The results from the boreholes imply that the sinkhole risk-
belt may be the western boundary of the salt layer. However, this notion should be

further verified by more drillings in this area.

Stop #7 — Hamme Shalem (Mineral Beach)

The sinkhole site of Hamme Shalem is located about 2 km south of Mitzpe-Shalem
(Fig. 1) on a mud plain (Fig. 2), which consists of alternating clays and aragonite
layers. The sinkholes at Hamme Shalem site are distributed along a distinct lineament
whose direction is similar to that of the main tectonic features of the DS rift, as was
noted by Raz (2000) and Abelson (2001). While only few sinkholes are present at
Hamme Shalem site until 1999, covering limited area, a significant growth in their
coverage has occurred during the following years (Fig. 2). The recent sinkholes filled
the gaps between the older ones, and stretched beyond them to the north and to the



south. Yet, the clear orientation of the sinkholes is still preserved. A seismic
reflection profile indicates that the sinkhole lineament overlies a fracture, where
eastward the subsurface is intact. InSAR images indicate that the mud plane is
subsiding. A recent drilling, 50 m east of the sinkhole line, revealed a salt layer at

depth of 19 m as predicted by the seismic refraction survey.

Stop #8 — Einot Zukim (En Feshcha) — optional

The Feshcha springs — looking toward the Dead Sea to the east, a large area with
vegetation can be seen. This is the discharge zone for large amounts of groundwater
the alluvial aquifer to the Dead Sea. There are large variations in salinity and
chemical composition among the numerous springs in this area ranging from

relatively fresh water (<2 g/l CI) to concentrated brines (>45 g/l Cl).
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Figure 2. Two types of sinkhole appearances: (a,b) sinkholes on mud plains at
Hamme Shalem site and (c) sinkhole on alluvial sediments at Hever South site. (d)
The development of sinkholes at the Hamme Shalem site mapped by rectified air-
photos, and (e) growth rate of two sinkhole sites calculated by the GIS.
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Figure 3. Sinkhole lineaments and buried faults. (a) A rectified air photograph from
1999 showing the sinkhole site of Hamme Shalem (Fig. 1). The sinkholes are aligned
sub-parallel to the local rift-margin faults. (b) Area weighted rose-diagrams of strikes
of major faults on the western margin of the DS rift (Sagy et al., 2002) (cumulative
length 322 km), sinkhole lines, and strikes of the western rift wall segments displayed
on a digital shaded-relief map (Hall, 1994). Note the similar bimodal distribution of
the various populations, implying a tectonic control on the sinkhole lines. (c) and (d)
Seismic reflection profiles across the Neve Zohar and Hever-south sites (see Fig. 1 for
location) showing prominent discontinuities beneath the sinkhole lines. In Neve
Zohar (c), a sequence of disturbed layers is bounded by the two discontinuities
interpreted as faults. The northwesterly discontinuity is beneath the sinkhole line. A
seismic reflection profile parallel to the sinkhole line at this site shows no
discontinuity, suggesting that the buried discontinuities/faults are parallel to the
sinkhole line. Summary of borehole findings (80 m deep) from Hever-south site is
presented in (d); 1#C dating from a 27m-deep clay horizon within the salt layer
indicates age of 10,000 years, suggesting that the observed offsets shallower than 20
m are younger than 7500 years.
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Figure 4a. Relations between sinkhole sites and land subsidence recorded by InNSAR.
Note that most sinkhole sites correlate with the subsidence features.
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Figure 4b. The concealed tectonic fabric of En Gedi area is revealed by sinkhole
lines and straight boundaries of subsidence features.
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Figure 7. Location (left) and evolution of Hever-south site (center) presented on

aerial photograph, and InSAR image (right) with respect to Asa’el, Hever-south, and

Hever-central sites.

16




14700 MO
D9990N NYPA3Y DM 9IYINI NPIHTIN MYIIN

25 0019 Ly oon Lo, LN s

95501 D919 ,30 INIYS 5399 /N SNIND Pann 1
0N 187 .1.57,23) VY9N OMY 2
DYV, 119380 NVIDININD ,NIND T S¥11Y Pann 3

$90N MIVN

NAOYNN NIND "NNNN INNIT DY DMINVOPLM OPNINPDN DININNDN NN DNNY 1
.DMNINN NYPA - SRV NP NN

TIAIPVLIVD MYNRVYN MY NN MTNOY I NINNVLH DTN PHNY 1Y MIRIND 2
(DX1510179) MPNN PYIDY NOR MTN P2 1IN

TR ,NIINNN DM N DD MDD NN DAIPNN NIRNNN PNININD NTY NPVTY PSNY .3
STPONNN MYNINND NPNIINN MZHNM NIYIN

Y20 NPNY XYNY MONYNN TIN TN 1)) VIDIN DN NN MDY NN PNNY 4

$NYAN

172NN D32 TIYI N2 MAYNIN MTNPHT NPNDINNN NMYNINDY DX NINN NYPIAY OTIP D
9517 AN WP MVYY LINRD - NN 1279199 DNV 195N PO IMN IND L1993 TV, TINININ
TNV TIPS /MM ,NYPAN NLYA DXAYNIN DXWYDN HY DNPIY ININND PNININD NNIA

.(Picard, 1931) Mottled Zone - "N NN’ - DI DIPNN NNY DN DTN MY NYURIN

990N 09N (Gross, 1977 ,0¥NINN NIXN - QDN DNPYIA IN) "PIND IMN’D OD
URYN NS ) DY DWW DTN YO0 DWNNN Y1 .(1 DXWIN) 177721 DRIV MMpNH
PPV NNEND D) DNINN NYPIAD) ,2TY NANEND DODOINP IMII ,NIPX PY N
D17 DIPIN NIVH DXNVNNN DY MDNPRN NI NYN DIYID NININNDN NN NPNYIASN
PN (1928) Lees-) (1923) Wyllie et al. .N80 NN ,NMWYN 1PON ,MNY MYSN WD
DIN NPND DMVNITIP DOYIDI VXA NIV HY DD HIPHNN PPN NN WINIY DNWYNRIN
S DY5N NNYNID IMT N ,60-N NNV TONNI NAVYI YINNN NN TIT NN .NINNND
NPYRI YD YY) 9apna (Bentor et al., 1963a, b) ")MNNN IMNID OYIDI DM 9NV
NNOI9NN TYNNA (Bentor and Vroman, 1960) 1”915 NyYINN DY NP9 VLIVO NPIYND
, D971 123 HY DIMNON NN N2 ,(Gross, 1977) DY) .Y DY NOYPHRN NINDIHNN NNTIAY
DININD P O PN DINK INNY ,0DIY TTA INNI 1D 29D INNI 0NN NWNN
- DY) .Y OMY DY VYN NOWYNIA MIPXY D9 NINY C3S H910) VIV NPYWYNI DMVLNPD
12 /999 YV ITIAID) VYN : DY DXVTN DIDIPN NV DY ¥ NIRN TWNNA .(Hatrurite
insitu MYINNKD TY R¥NI KD VNN DIPNN N W DI .(Gross, 1980, 1984) VIPHYN (NN



VIO 9IVNND 1INND MIYNXID DINN N8N 2002 9292102 /PNND NINID SNVNHNN N1
MPYN NI OTINMDT NN NN INYD NONND YY) DYDY DMYVTN NYYNIY "NPINND NI
MY ANY ANIND PV DININ D) LY MY INUNID INNINY NODN N9 .ONONTN

.Grossite 171295 NN (1994) Weber and Bischoff

e e o
A TCI -Aviv
AT
B o rmsnsnse Nahal N
39 O Zveeny Ayyalon Ma'ale
0 Adummin ®'Amman
P ooy Kefar 4 % @4 NabiMusa
yya s Jebel Harmun
Beit Sahur,® « Hureganya
Targumiya A

= Suweilil

-
g:f’;; Ao Daba Siwaqa
o
e Malhata'= ‘

\ Hatrurim @ Karak
\ Basin /

79521 ORIV 719001 NINZD I9IWNN NoN 11 DIVIN

,DPN01I09 OIPNN OXNIN DNVYYN ToNNI 1D O .Y DY NOPRN NNTIY Do Dy
Bentor et al., 1972; Kolodny and Gross, 1974; ) D©»UNNINDD DMNVIVN ,DMIIIIN)
Matthews and Nathan, 1977; Matthews and Kolodny, 1978; Matthews and Gross, 1980;
Burg et al., 1992; 1990 ,072) ML 1IN IR M9D MTIAY 191 (Ron and Kolodny, 1992
ONYPNY STINN VAN NYN M1 (Gur et al., 1995; Kolodny et al., 1971; Porat et al., 1991;
Gilat-w 9>2119 MNT .NWN TPON NHNNNA NIXPA AN 7T 9T PNNN IMMNIT Y0 HY

DOYNND NINNNN PONN NN WPM IPON TONNA ISPY DTN DY Pon (1998)
.DMONIMITN

0MVON DN INNNM PPN PYODI NIV PNV MNMVLIAN NN NIV DTN 29 DY
SPNNN MNID OYOD NP NINNNY N (NIRNNA PPVLY 2VY TMNINN) JPINDN
NP TPNVPAT ,PNVNIIPT PN NIYIAN AT WNINNY DMIPIN D»NYIN DXIONNN



VI IDN DINNLVNN DRINY B¥»WN ,Ca-Al-Silicate-) Ca-Silicate 15712 D97 Y9UNN
Y5O NNDNA D0 IWIAN NIINNN TONN DX (T XND ,NNHI2) ’990) DONN-)0PIPIM
: INAD)

CaCO; + “Clay” — Ca-(Al)-Silicate (¥20 V91 GO + CO,T + H,01 (1)

,Brownmillerite ,Gehlenite ,Larnite ,Spurritc DN NIONNA NXNY OMIPOWN ODIPNN
Burg et al., W Gross, 1977 D8N NN »5 2597) Anorthite ,Garnets ,Wollastonite ,Diopside
(1) XnoMN .(Kolodny, 1979) VYNN NYYND DXININI MDD NIMNN MIONN Pbl’\ (1992

MNOYN TY NTI NONMN Y02 CO,-N NN INY OTPNN NIRNNN PONINY HIO5W M2
.(2 ©WYAN) VNI VLM MDA NMIVIN NNDY PXVNAIPT .NVONN

Si0;

e metamorphic rocks
<4 non metamorphic rocks

metamorphic
conglomerate
o
PN =
"olive" rocks g o
L s

non metamorphic L )
rocks s\ it gehlenite rocks

s T
A brick like . T«
(dy> #\rocks L
ST A SR
227 P e 1 { = rite ook
; // ‘__- . .‘?—.—’__- *Ilarnnc rocks
e (b) I S spurrite marble
e JEV T T Y S
s .—""_ _d_(g)-—*f_'i’ 7_1-rcalciic-spurrilc
i T marble
CO, CaCO4 CaO

¥90 MNPNTA CaO, Si0, CO, §%359910 3 (D»YPYN) BYONs :2 DOWIN
939 Y50NY Y95 NN IPRYI (112X IN D912 N1HIT) MANIN ,MNVY
P2 W ON 0P .Si0,-Ca0 585 9,5 2999 BPIS NI AN NP MIYPNAIPT
Si0,-Ca0 9989 1902 19991Y DIPID 1991 NISINAIPTH NANIYY NIPNNN NYYT
MINMN XYN MNONTH .INNA DN NINNND ONOEY D»WA NN BN
P2 DXIY DION? 181 1A TINRY NN ,CaCO;-Si0; 292990 P TIN0 MM
NN Y953 AXYH CO, HPNP PYY MVID MNNNT 1901 .IPDINY VNP
NOYN DX DIHND DNP AYAIN DXANNMY CO, NPNHPN .JNaY SHNND VN
SAY MPYN NN 1Y NN DNP TINY 929NN 09NN KN DIYYDN NN 9>91h

LYUNINAY MEHNAIPTI DTN ONX) DNINND OY NPNH *¥90a CO,-n nYana

DINMN DO DIDIPN DY NMINYN NIMVYN DV N NXT,NINNNN 900 NX TIVND NYP
95 PR MY TN NIRNNN IR VY COL-N DY OPONN XNON DX TIYND WP Hwa M
GONNN DY MVPLVINND NTIPIN NONY ,1,280°C-5 NYNN XD /9NN N2 PO NONND MTY
,0°991071 90NN TN DY .(Matthews and Kolodny, 1978) mayenite-brownmillerite-larnite
(Bentor et al., 1972, Kolodny and Gross, 1974) 550-900°C-> ny»n NIyan Now1a /9NvN

.Pseudowollastonite 99297 NYMN TR0 Sy NN, 1,100°C-35 Ty ©>PTI DIPNY



NN MOYND N1 PNVINNIY MNNND IMNN NOIWY DRI (Burg et al., 1999) DN yINN
IV D OX 92NN .(300-900°C) K191 IIVY NONND NITINA DM DIIIYD DWIDN 9NV
YIONN HXN NOX ONINNM DXWODN DN GNNYN KD (80%-50) NIYAN 1212 INNY OINN
CO; Moy D YR - OO MY NIIWND NINND DX POID IN OPYNIMTIND P¥VNAIPTH
DOYOD OXNIN NN NXIND DIITA INNNN IMNND NXNNY MPNHNAIPTN 2PDNN NPHY
PONNN IMIN OV THOMPN NDDND 2YNY YWY 195 11 .NIYIAN YTPINND DN DPIND
NYAYN YOI MNNNRN TN 1IDMY PR L(DIHINK 19010 NNNN DI3) NIYAN DPPY NINIINN
P25 NMAN NINNNN PIMNX PR WPN I0IND NADN 1 .DNNRXIY NINNN 990 DY NPY
D121V MNNIND IMIND DIV NNIND) DXNPIIVITNNA NP NNV INNIND N NN
TNNN TNNRD NIAND NN ODTIN (AN DINK DINNIY MY DT PN DNINN NYPI2
MND P2 ONNN ,NIYIAN TYNN ,NIYIN YTPIND INNNN NPIDNR MDWN DY) Y9INVLIVDN
YOD2 LNIIPN NIONN NN NN DX NPIIDY MNON PAY NINNND NYIVY OINND

(MPNNN NYIPRI MYNINN 1N /990N DY Wavnin) CO,-N YV *poNN NNHINY

NNDON I TN .A99TD 180NN NPOON NIN NP2 NNXNY PYNRIN INI9NN ININNY PID PN
NN INNINN NPTNY NION ;DY DIND NXAND 912> XD NLYN 292 NIVNN MNIVIAN IDIND
NIV NDMLIIAN TRNN NOWM MIIRY NNINY 195 1N INIVIAN YoON PRy OpTo 117
NON DMONN NNIIWND .PONNN IR WHNY NON DN PNYRI PHITO D) OO ,71PMIAPYI
TN2 OIMNMNA .NONN O YPA NNXNAY ,OONINN NYPIAIY 7NN MR MINAY |, 0NYP
NINNN D NYNINN XD N2Y OINIDN MDD D9X2 NYINI 1¥NNN NPION DN DXNINN NYPA
AMNINY IO NDON XD PRIYY I¥IN NPADNI NY2INND YN SNDA NN MIMVLIIN IINM
ND DWOD DY NNNNN L,INPN DID DMVH MIVYY AW NLY N9 DY YN NID PN
SV TIXPN9D DIPNY DIPNHN MHINVN NYINN MW (3 DWIN) DNNMLIA GN OPYHN ,DXINPMN
NPAON INY TITI PO NYNIND NIBNNNY YD TN INY 8NN Y PTNNY DIPTON P
Y DWODN NON APOY ,TA0 .ANY O PN NN CO-N PIXPD DY 722 723 ,)8NNN
-OINOPN WY HY MIANNNNY 19D YN KD .NLYN 295 TIND NN MAN NINNNN ONON
PNASY DOV PPN DDA N 20 DY NOW NPRY PRIV MN1NON (TIY VYY) VIND

WL NANNNN YWWUN

NPOON MY HY AN DINMNN DOYODI PIIRY MXNIN TN DY VONN VYNNI PNIONN
W E Y27 I¥PND

iR Mishash Fm

Legend

B vigh grade metamarphic rocks
E

1- Low grade melamaorphic rocks

8. Matamorphic conglomerates

] " "
[2_8]. gituminous




90NN DINA TR ANKINY 95,0510 NYPA 79T NN TON :3 DIV
DRIYA NIV D30 MIVY 52193 ALY 29 NYDIN BMNNN 7NN MN7N 39D
DN XY DIP0Y SN DXINMN DIYOID Pa Y .NMPY JNNN NPIDN Ywa

.N9NNA THAN DPNDA INN IINNNNY DIPIY NPTNIA 2050 IR HNNN

NIVAN N DY NPPIMIPR NN NPXPNRIT NNID NIN PV MWD DY NNNNN DI
9INNVYNN DIND INIVIAN YOON PRIYY DIPTO TIT ITIN NN IWNRI MIVARNND VPN
DN DY MY DN .DNND TY N300 SYOD DY /99010 NN DY NNNDINN NPNPNII
Y TONN Y INYPY IPMIND NTY .09V NXIN NYIIN XN YPIPN NN DNINMVIL OO
NINNIY ONAN MNIYL , DM NYINIY X7NHI 17992 MM JIWN DX MNIYA DI NIND)
.(Clark et al., 1993) yT7°2v 7212 1910210 >¥OOD MIDN NDIND PHRYIY 91251 ,NITNI MO

ANV N TARY (1990 ,)1)2) DMWY NTY YONY INKND) NIND NPITY DX TPINA NYNIND NIYaN
NMNEN N2 VWVAX WP COL-N NN MY D ,0MNDIN DNNDA PNONN YDA
DWODI NADN MINMNMNN NN YIS N2 DMYPWA (Matthews and Nathan, 1977) wrRwNH
DPYN ,DYPTO TIT IR YN OXTPIND 1¥NHNN (1998 ,1°91) NOUPIZAN DY NPNVHVDIPID
IINYN 1IN DR MDMIP .NINNNN YA YO0 MOMP T TIN MI¥NY DINNKY ,DONVPL
, 1NN YOON NYY DINNNN YN (DM ¥R CO, APOY) NIYAN PO 1IXNY DI DY YDDIN
ToNN2 CO; PIDPOM ONNX IMN PIPON AN MNAX MYTN M NN YYD YINd
MYTN MSYN NNYNA MVHR Yoon MoP .(Kolodny and Matthews, 1978) 1P8¥¥129pTH
YIONN HWA MOY) DINNNN DY IIXNY  DPTON CTIND YIN TP DNNM 18HNY
TIVAN MTY .0»9NNVNN DYIDM DXYIPNRN NP DYIDN MNP |, IXDIVDIPIN
1099 93N NOMP XD ; (Burg et al., 1992) 75NN P> 772 NI NIAND T TIN 1IYNIY DXPTOY

NYIPNNN INKD ONIPID NYIN DN OXPTON TIN DN

Bentor et al., 1972; Kolodny and Gross, 1974; ) N19101X MTaya pivn Y0P nayan b1mn
501 BC 0711910 0290781 MYTo PN ((Matthews and Kolodny, 1978; Clark et al., 1993
D) NI NIVNRNNI IXHNIIPT MY N0 NINNNN T NMOYN DY DX0VNIIPA NNINIY
(1978) Matthews and Kolodny .3¥0N1N0N "3 NMIXND 99N Mpny CO, DY MNPIVIN MY
DY D»VPY’ON DYINI O MVIVNA TPNVIWN MYTYTNN MY 97 PIPAT YV HTIN 1IN

.INNNN NYITAY 9NV NMOYN

29V MNNNHOYHD HY DN NIPD THO DY WaP (unpublished) Gross-) (1972) Bentor et al.
AN NP MDD (0D CO, MINYD 1VIT) MPIDNX PN NINNNN TONNY  MPOY)
2590 2 290 PNRTA TI0 PN YOO DY HOHHON MIIN 215912 NPV NN N MINMIND
DYYIN) NMAINVIVD NTNRY NNIN DNY MHIVY DMINNPN DINMNN DININD OXNPLIVIIMN

.(Burg et al., 1999) (4



Si0,

metamorphic
conglomerate
o

798 Ca0/Si0,=3.5

Legend

e metamorphic rocks

4 non metamorphic rocks ; II 5

AlLO; Ca0

you mNmTa CaO, SiO,, Al,O; ©23990 12 (D»YpYn) XoN’ 4 DIYIN
W50 97093 MTZND MHRMND MNNDNTH .INMN JOIRYI MINMN ,MNY
STIN NNNNN DONINAY MDY MTNA ,M12)-1%20 NIPNNN DNINSY 03U

.5 DOYAN NN MINMND MTINN DY 5990900 MY

S50 PN MMRZD SY PINNH PINY ©53WN 19 VA SYID | ATY
AP NN HY PHNHN DY D39YN DI KY B30IV 5IVIP INNN

N9 19099P 23501 KUPh2 A1 X 09130 09190-19859 WY s¥90 1l A7Y
A9 NNEN HY YN 0995 DIIYN DIINMN

NN 0930 (1949 71 )3 7Y 1NNV NTY OVY) 7OIN dY¥r0 a 1Y Il ATy
NNEN HY PHNNN VI9Y BMYN BIINPMN KDY OMININ DY) KuPh3 n1ons
DTN BN GN DIIIYI , MY 035D DINTH BIIRMN BIYID b NTY .NYPY

.KuPh3

VINOD WYY VNIY S¥90 ,KUPh4 NTNva Dowamn vy S350 : IV A7w
RY S0 POPP S0 KUPh2 1191 YW 4m9a 15¥n PN IR BN
NNEN Y PN 092 19 DPVY VY MNSN Pa AN DIYNNN BIINMN

.9%90 V99 - APV

oMYA NTIY HIAPNI AN SNPDIN MLIVIIDNAY YD 199 199N CaO/SiO, onn
LOVINMTNND NIONA DYDY NIN NIV NN NT

LDV TY NYYND) 1910 INND 0N PTINIVIN 2DWN) DMINMIND DXWOHON DY MIIPNNN 2DV
DPNDVIND OITYDY TPXITN ,IPINTNIIPI IIPONN DMINNVNN DXWOON DY DIV 1DNN
19 (V2N Vaterite 101 VIXOP AP¥2) DMVLNATP OIIPN DY DNMVIAINNT RO TID INIIND
v M PoNNN .Ca-Al-Silicate-hydrate-y Ca-Silicate-hydrate 25902 00710 90NN

: INAN NOHON NNONA DDN , D2 VP IHND

Ca-Al-Silicate + CO, + H,O — CaCOs; + Ca-Al-Silicate-hydrate (" >yav 3V1 GONND”)  (2)

: DN ,DONIATPY VIS 1T NNIAPA DPIPOYN DYIHN



WM Apophyllite 191 Hydrogarnets ,(Gismondite-y Thomsonite Ip°¥2) DXOIINY 1
1990 TUND , D) NN YTINIVIN 25W2 11X NN DI .0M110MN DN »IAND Hpa
.(Gross, 1977; Matthews and Gross, 1980) (300°C-n MmN9) NNN P> TY NN DYOON

IUN 0’90 Portlandite ,92) Bayerite ,Afwillite ,Ettringite ,Jennite ,Tobermorite .2

PoN (Burg et al., 1992 W Gross, 1977 D8N DX 217D 2591) MIIPNNN INKRD 1IN

VON DY PSVNIAIPY TPNITN AN WD NITY )PV DT NON DDININ
STID0MO

12 ONONSD DMINMNN DXANN DIV NPOY ,DMIDNTPN YOO 91) NP 1T ODINN GONND
YN DYDY D27 DMIPNA .OMYN DMINMNN DYODN NN DININD DYPNY XoND) Man
’25V2) OXTINIVIN DAY DN 1D WYX MONN DY NPON DOMNA) DN OIIN
DOPNYA TIND NIV ,NIN DXADYA 9N YD721100 NINY ,0110 XHONTY 5 .0MININDN 7Pvan
VAN DININ .VNAD-VINOPN WO HOYID NIRY “NNN IMNNID DY NNNNN PONN DX OXXIND
-1 .Bentorite-) Ettringite,Volkonskoite (Cr-rich smectite) )5 ,0"ya8 09N 7190N2
NI PN MINID I9WNN 2172 DO TINIVI DYODI TIND 19 INYMNa 108N | Ettringite
9955 NI MONNN NMPR .0NVP YOD YA NNAD WA G MNMIPNI DION) DIPTO NINN

J210722) YR NIINN SO0 NN

NI MNP MNP YIS MN5I0N D237 29 DY DIPIIND "NNNT MR IYOD : 010

(MY NP

OVINOP IP¥a DO NPV DD 1Ny XOW DONMPNN DDIPNNN DMIOINN OWOD .1
DTN N 25% T ,03719) VIVIANR VYN ,NPDIN

DVAMNNLN) TINI YNDI NN 799V ONINT NIXNY DMINNVNI DITIPNN DXAINNN ONID .2
.(Kolodny, 1979) >¥av V51N QONN NYYNY OM PTINID

YN NNXIND 12) NIINNN HY DITINTVIN DXAVYWA 1NNV DYIIPNN DXAINNN DN .3
DY QONN DDA PIYN PN NN YAV PV GORND NYYNY DN DINMNN DOYOON
YY) NOID I1DIN TTIADY YONRD NNINN VA DY 71PDAD NOWINKD MY DY Iwpna
AL NOIN DNNN VPNNNN IR’ 7DD HDIPNY DX TINIVIN ODIPNN (Nagra, 1992)
QAT TR INNMIND NN MY D917 YMININ NI

Fission N0 MYNNINI 03IV NNIY NIINNA WY NINNNN YIIRD NIX TIRND NYNRI 110
Jebel Dakhdakh - ©Yv1715 N1 DTN YOP NYNNN IVPIDY DINMN VIVIN M¥W)A tracks
NNY2 YN (1990) 32 .Y WON 16.8-13.6+2.0 N R8NV 70N .(Kolodny et al., 1971)
19N 3-9) 1YY NI OXNINN NYPIAA NINNNN DY K-Ar Y900 NN WDapy ,NTY Yond
W TINPNAD NNV NMPN TN PN IMINRIT YO0 DY NYUNNDI IYNND DIV WM (MY
M7 IVIAPNN DMV DXNYNNI DNV NN DN NPITY .NITDINMLNRY NPWM MIIN
NPT D) MTDTN TIO Yy WD (1995) Gur et al. .(Ron and Kolodny, 1992) ny»vnmnINgs
YWYPR NV DY DIPYNN) DINY JIT OYIPN NIYA NIV D NINN NYPIAL NIINNNY MIPONY



19N TPIIN NON IR (MY 1IN 3-5 97) 1P1D9Y (MY 1IN 16-5 195) 1p1Na : (NOWN
NYPA YTTNY (MY 110N 0.2 12 MV 1PON 1.7-1.0) INY DXPYN DO .NONN O YPa NYID
.(Porat et al., 1991) ESR nv>va 07NN

NN MY 190190 (1992) Burg et al. >y 1pDIiN 0 NINN NYPIA2 7PINNN MNP YOO
ND DYOON : (5 DXWIN) NINNNN MTT NMIYRID YNXIL XN NPIZND YDIDIN 1PIVIPN TWRD
D22 ,0MMNN OXWOD NYYON ,KuPhl NN 797 ,71PPVLY 27y MMSND DMO»YN DN
TV, 00V DTNV DI 19 (300°C-1 MING) NOP NPYNIN NIINN ININ DNY ,DMVNIIP
TY) DPIM TN THONIN NINNN INWY OYOD PN NO5ON KuPh2-4 mymron n¥ap
YNVNN Y51 NP2 NN 0NY ,KuPhl N0 %00 (AN Gy O ©0IPNn1) 900°C
YN L5 DOWIN) TRNN Y5 TNINRD DM¥M L0191 ONINN NYPAY K902 "PINND INNID
,227 V) L,IPSDHLOMIPIAD NN NYONN NINNNN .IPPYI 2TY MNXN DY OYOD DNIPNI
MO ,0M9NNVN DIINN VYN NPXD MMPNAY NNIRNIPIIN MNOYN ,DNO0N NMOYPN
,DMVUN MPNRN OYOD P DMNMPN OO DODTIN 51V NN NYINN NINNNN DY)

YN IITNYY THPNPNRN PN NPIYN2 KuPhl 170 TINA PNIND 1n% &Y 190

METAMORPHIC NORMAL
FACIES FACIES
W
uplo20m  ~ == =" | Hafir Mbr.
= -P_,_ = A Z B A
Rt Gy Yt .
™™ ™ A | Tagiye Fm.
e
~ e B e
"3 P P
S el Ead Ead
“HN NN s s L'l
TBTaT T
T~ ~p~2| ChalkyMbr.
L BT
—————— —=—=——=| Ghareb Fm.
T I e e
Ghareb Fin. LRUERL—— T — ] R N
T—\emall geflenite and lamile bodies  30-80M i~ 7| Ol shales Mbr.
_Sr_:_._::',__[,_|_,_[ __-«,._h+_.
[T = e ]
W Mishash Fr.
E Chalk E Metamorphic conglomerates
Marl Spurrite-Calcite marble
Clayoy hnik Digpside-Anetie el
H ” " F . and N % 4
}'gﬁ:gaw?glomcrales INNN Larnite-Spurrite marble
Bituminous Recrystallized calcite

MY DOVINIMIDN Pa MDD 1NN YYD INDIND NN 5 DIVWIN
Y 712X 9393°2N0 N9RNNN DNIND HY MTINIVY 2D DY 0NN IIYNY MINMNN
S99V 900 MYNIYnN

IDAN L, OPNNND OWTIN DTN XPNT NPINT NN NIINNN ,NYINN NINNND TN
MNP HTINN T .0V O1VNIIP DXNPYIVIIY P, (NDIN/VINIP YDNYI ND) DIVP

NOY) )PNND MK DI022Y 1VIID-VIOMIN 29N 19 KuPh2, KuPh3, KuPh4 ny991nvnn



NNNNN PONN TINA DX DM YOPN DIPNYNNI DT HDH2 NIRNDYY TINNNY DTN YTINN
DO P2 NONNND-NINDIN MINAN .0V 25712 OO TAN P81 (KuPhl NN Hv
JPOIPVIVO MYNYN MDY MNIAN 1D DY NN MA-INPIN NINNNN ONONAD DIIMWYN
To1 NP ARN (Burg et al., 1992) »9n MIT N D) 129 MWUNYN NPINNLVNN NITND
191 1Y5N NPHNNVHRN NMITNT XNYNNI DDA DY NIDNLPITVD NANY LVLIYY MIVIND N7
D02 SV OYNOVPIVD NONY TPNLIX N KuPh3 7 »9wnn 902 Sy nLNY 11D

.(Burg et al., 1992) 7>pvY N8N

.5 DOWIAN2 NN DOXNINVINAD MM MNPAN NINNNN ONONI DY MITNN P2 PXONPN
SV DMNNLNINDS DY Y3 DY NNV MITNON PA NTYN YON THD DY NNYYI N MIXONP
DOVOIN) DN DXVINON 2 DY) DINMNY XDV DXIAVNIN DINTN KON DYION
VN .NIINNN 2PDNN MIND NNNYNY DIMNIN DNINVDPVI D1VDINNRY DNINDY (DWND
ONONIN DY NPINNVLNN MM NNX D35 NININ NIINVIVDN NMYHWNN DNYY VWIITID

STPONNN NPHIITNRA NIDND NHIND M IN NN

:(6 ©YWINI 02INI IN1913199 9792 199909312) 1Y1P) 90N MINN

1
180




S0 NN 16 BOVIN

(165570546 .8.3) N1 N991 :1 NN
NN NONY TY I9Y TIT2 N2 DM HYONH NYO)

VP DX 12 ,0MD NN XNNIN DN NI JPNNY JHY DN PIDN NN NN
DM Y DONOINNN .ATY NNSN DDAV YYD DN VI DM YIWN DN Hnwm
: DAY ONNIND IMIND HINN 3 DY, MTN> YIDYD VYN NN OPONN

, D207 DYIN NN NN 12%-10% 1
,D2 DI PINNIN N 12% - 16% 2
,DYPYY DIDXI PNNIN IIN 16% HynN .3

5905 DYAVNI 7NN IDIN 10% 1D NN DYDYOINN DN

DMTPL .OONNI DOVUY) DN DV MIAOYI ONN ONTIP NMIDN PYNNN PONd
,ANDN D3O .0W) D> INKRD NN POV, MNNNNN NYNIND ,MNIAY 19010 DIIPPN
DN NINOY T TIN MNNIND IIND DX IXNNND I¥NNN .YODN PRIYY 18NN NPTNH MIYOIN
IINDN DI ONVIN DT TONN .MTPA 20XND INNN OIND ,IIMND NN NITPN 12) INNND
TN TN O ; NVWYN MY DNINIVIAN DOVODN NWN INND DIININN NYPAL WNINNIY NND
NN LINND TY NN ONNIND NN DY ONINNRPR NN PYNIN DN ,OMNVPL OXPTO

NONNN IWIND) 180N PTNHY DIND D92 NI (1960) Bentor and Vroman Dy 99319
.DNN NN NRIPY ONNIRND IIND NINDN

(167970569 .8.3) DXVADID 912 :2 NIND
.DNY NN DY)

DYDMYN VIDIN MIIN NYIVYN TAR NI DIV NNYI 1MV IR DNN DM NION
INAWD O DOPD DY DOYIN NDLVNN PON MDY AN VIINN DM NNy
TOPVUY) VIDIFN DY MMION WRYND NINXN NIV VINIDIAT VINN NI DM NI VI
N MDD MAOWN .VIDIAN MDY DYNVY DIV MAOY PONY TNN ¥ 1901 DIMND MM

2SN NNSN HY VIMZINPI DIN,D¥PIVN 191 2TY NNXN DY DINNIN

MM ONJNNIN TP NN IRNN MNA NN NN MVY NX ) 771902 NN TN
.NOWA MY¥91 NYXPNY DY TPHN NN

(1704/0595 .8.3) ©29999ON NYPA HY DI79 NYOSN :3 NINN

.DYNINN NNIY NI NNAY DM PIYNN NYD)

IR 50-5 S aNT) NVY M DY IPNINN MR YO0 DINVN N2 ,0ONINN NYPA NN
MMNXN NN D91 9NN TNND TIND IMAN NI D3NP DX2ADWHN DOIN PPN NINYT VDD



P DY NNNN PIRN NN NYPAY 29900 .DXPYN DOVIMTINPI YRYND NINNN K ,MPLI 27y
URYND NNXN DTN NN MDY .0 NINN NYYPIO TIN OX DN NN NININ ;N
MY NPLINKD DXNINN NPOPID /NNNN IMN'D DY DXPNAN DYODY NNNN SN MINND
YNV 3PN PN PN INIVIN OXNINN PR Y2IYNN XN PN - DIPN NIV DM NPOPIVIN
VXN TR O NPYPIVIX NI PNIAN-1TYN DINT 05D NPI 0N ITNOY MNOPION
NN 7ININN MINID IWNN P2 .URYND NNXN YO0 HY YN NI NOYA NOWN MYSNHNI
NYP22 NTPIV OMDP .97 NYPA - TIONONOYN IYPA NV IMT MNP DY NN NN

7Y NNXN DY DMINMN KD DWOD 1ITN

(174770633 .8.)) WRYN HNEN 12 HIDND MYIIN :4 HINN

N TIT N DN TIND AN NNIN-DININN DM ¥AIN NNV NRSPN T9Y TITA NYO)
.DMNINN NYPA DT DXYTN DXVADID INIIN INNX DIYIDN NYI DM ODYIN >y 1IN

SY DYDIN NN NNNNN ,WRYND NIXN NIV VINIDIDN VI MNP NPPON NIINN NIYIN
THO DY UNWYND NNSN NI NI TP WY (1977) Matthews and Nathan 7)1 MR
TNND NN NPYA TP DI DY NYAUNNY RN (1998) PHN .CO,-N NO1DNI DDV DY
WH0a CO,-N NN OWIVYN DMPYN DO DY NNYY) NPXTAN DMLY MIVY NIND

DIMNIND IDIND YN DINPYY VINADIN

MY MY NI NNIMY TITN INYNNA 2V NI IMN XD MNXD NIV TRIN 2y
TIVY IN DMVN 90N D TPIAN MW DY PYY RN MNVXIN DN DXNNY DXPND ;0NN
NI TP WA NNON YANN NINY .DIVN 190N IVIPY 191 MX TP DY DMIVN
SV PONIN T2y WX ONININ IMINT VTN .0.5% DY N9 NI TINKD NI ONNND NN
DN SYNY OINMNN DOYODNN DIN NINNN IRXIND (J¥NPN MNDN XYY DIN) NP
MY DIRNNND YN INAND NPTN D12 MINSN NINYNN .XIND NI I2Y ONNND IDIND
DYDT7AN AV DN TP 19790 TIND (NDIP) DIN NINNN NNIND NINNNY NN
Y NINYNA P AIRVIANN (1980 ,TIDOPN ;500°C TY) NWYONN NIINNN : NINNNN NNNYI
1I2YY DOODN ,DNVOPL MNPY KOO DN ,VXNADINN YO0 MMNNN MIN JTIND) YOON
DYYTR DMNM YA, TINN DYV 0N (Gross, unpublished ; 600-550°C Syn) 9N NPIN NINNN
NINLOPLY TIMI) NN NPYII) NNVOPY DY) NI YITT IN PIND DX D1 N
oY VAN WX DWTIN AMVDPY (OO NPHRN VINADION YD AN NIINNDD NN
NI NPIN NINNN NAYY DOYODA PN VIVIND DIPN NPNN YOO DY INDIVDIPI
- PN VXVIAND DN DY DININ TPNNIIPT INND NN T DIPN LDVIN NN
192 1 600-550°C 79NV YNINND VIVAX NNIVAD VINPINNN MNDINNN 12NN .VINIPINN
DN DMNPNMNN VIVIRD FYWII) .12 DNINSL DXINMNN DIYIDN 1IN NIV NIDNIPNN '9NVN
HNY DY DPNNDNN DIV INIAY 191D N PP YO .PIPPN PN DX YIDY DHINDN
PHN NN ONINNN DN (RN TPNINIIPT INY KDY DIYIDI) DOMIRY VINIP W) THN

.DYTRD



12

(1744/0633 .8.3) 7YIMAN NIN”D HY PNHNNND PHND NN D2INONNN BIYIVN IND :5 NINN

NN NI NPT NI DAY BN XHYaN HW 19yN TIT2 NYOI Twnn

NYMN YY) HO5 25IWN XY ,TIND M QN2 PIONRD VPNNND IMNIN DY PANNN PoND
92YY LNIIP NN DT P NNAN PN YODN D) MMIP DY INT) NDDIN NYINN NPVIV
(DTN NOYNIAY YIIDN YONNA HWNI) TIND DMNNN DMV DINVNNIA PYIN) IXDOVDMIPI
S¥ (300°C-n MNS) NYON NINNN MIAPYA I8N ,NOPP-NVN N PH-NVN NN ,NT YOO

.D»9IMNLVN OXDINA DT RXIM (VY NNXN SV NNNN PON) DIV

D>15717N ,0YNID DMVN IVIPA ,OMIDNT X DD YOO AN DXV PVYIVN GNN TN
DNIN DINYNN DOYHDY DNIMI NIN DD .V VAN - DMHNNVLN DXDIPN NWN TPV
DN DMMPN NI YTPIN DMIMINIY 1IN YW SPT ,TIND DVUP NON YOD 9 .DNY NN
DOPMY 7Y NSNY PIP IN OIN NN DY NIN VIOMIN YOO .M DNINOT NINNN MIYVIN
,1,100°C-2 5¥ N10NN 7990 18NN VINVOINTIRD 5NN NX 12 NI PT) .02 D>PNA
MYTY2 20 YN VDN YO0 IPHNN NI VNN DTN NP NN NNV
SV NN 91V .71PD2 DY ARKIN NN TPNYTYN NNXN TIND MYPI MNNY NPDRIDION
Y923 1991 N9 2 DR VINID-VNIOMN Y9 .700-400°C NNNN 935 NN NIN DIWOD NV

.(5 ©wan) KuPhl n7mn Y pnnnn ponn 7ina

(1752/0628 .8.3) ©Y99NN NYPA BIFT2 O NIAN MIIYD :6 NIND

.2001 MW NIIYIY NPINDO)N 120N MIND TY DM NN DV 19Y1 TIT THINRD NY DI TUNN

7 DOYINA XN dMDIPNRN Y0IDIDN THNN

e



NYPA 01972 Y09DIDN NN YNYN NIISN )) DY Sy YNNI NN :7 0OVWIN
L0YM9MN

NIV L2 )MNNNIY 1NN MIPdN YODI MPDY : MIAJY 3 SY NPDLPOD 171D NINDINND INNA
G0N ,07NYT NNMD NONNND NN IPIYAY MY DI AN NPV NIVNN NAOY
.MYYNAY DNYNNI DN DAV NN MAIYN YIDY NN MINID 172 .1PNNIT I8N NYMH

50-2 91N NN .OMI NI2NY NIWN NNVIVOR N2 INNND OXNINN DY DXVIDIdN NTY
TV DY OMITTN IR DOIDINN LNV 1PDN 25-5 518D DIIDINN DIINND VDI NV o1
MN DN NIM INNNIN N2IDN 29 HY NDNMY MY TYPNN NVLYA 1T K¥N) 1IN INN
DIPPWY NITOND NVNANN NIDNM NN NNON .O>NINN NYPA DV 55101 NVYNN 10%-1
DYNIN IPOYA NWYN 10N IMKD DY IMDYN 1IN IR PNIYNI MNP NLWN YV
SNIN IRIN XD NNV T )10V TPNNNN NVYNN NPHY DY NTIPN TIN NTYN DY OITITIN
MYYAN PI32 DN DN OXOIT MW NP2 MIAYNND 1PNN TIY ONA .97 NYPAY N

STUN DY OMITH PYNa

(1782/0643 .8.3) 71990 9NN D022 ©1NHNTIID QINNNY : 7 NIND

.DYNINN NNIN-IT NN ¥IAD NPT NNV LINION NN T9YN TITA NYDI TN

D»NNIIY DNTINY DY DNVNND DXNPOY "NNNN INNID DY INP2 DNNNNN DMIVNI
) DN PPN INP X MNG DXNNN DXNVNNN DI DINTINYD .NDYP NOVPN D»NIN DNVP
DN MMPN NN MNT MM IR DN ANIN2 OIND DNYN DINX DMWY DPON
SV NINRNN DN OMNTINYD .PTOD 2% DNTINYD DV TNIRD PN YO0 ODPTO DINDMP
DYNIPND OMNPON .NDIAN VYN NPXD IMIT PONNA OXWHON MXNINM MIIPNN

ITIDN XD NIYA DY DXTYN NYNND ININD DXNPYY DIRDIN

(1734/0687 .8.3) DIND YP2>T) DANNN :8 NIND

19 OMNINN MY MY NP ONNI .OMNINN NMIN-INT NMI¥ ¥ DY NAWN NYD)
LW 3290 POY N9Y TITA NONNDY

(D1INN NYPAIY DMINOPIDN DYV NWYN 129YNN) 1NN NPYPID YD TIND Nyd IN
MIN9NT MIAXNN DY 29 790NN NNX NI I9NVIVDN THN2 NPON> M) DHPINN 199
TV WY INON ,MANINN NOYYNI TPV WNWM ,MANNNI ANMNN YOO .NYpan »ania
199) DN ODYTY DN DXINY YIWN YO .VINOPY VNAD DIYIPHNN IPIYA 20N NIM
NN (5 ©WIN) MOIPVLIVLD MYNYN O) NOW KuPh2 - 1ONNIY N9 NN 1TINN
MNP TY PT,NNY IR OIN NIN WIVYN YOO 27V NNNN DY OINVPPN 11POYN VI MDVINP
DN OPNW 7Y N8N WY L(800-600°C YW 901V) MY NINNN DNOND I8N W)
YONPRN DIPNN .WOWN DY MDA ININ ONY DY DOV DXOVNAP DODIPNN OXAINNN
MOIN DINND) YWIVN YOI .WOIUN NN DININD DOPIWA DY 9901 NMT VYN PN
APOY-112ON VIIVON DY D) DIMNNN DNIIND MINK DMINMITINDY OPON ,07I0P VIVNN



WYWUM NYIN DNT ,PMYY RO 2MAD PHN NN WD MANNNA NMIDNY WINTIY MINI
OONNN PPN IMNKITHOIYIDY TI0 NPITYN NNX DN O .INPN D30 ' 20 PRI O1NON
.DVN MIVY 121V NLY 9 NYNN

1DYPIT 990N DIMNNN |, NINNN DNIXY DIIMXNT DXINMN DOYOD TINA ,NIANNND 2YNN
VIDINAN YY) SUINOP VINY HY) TIND YR ,MON IN DIN-DYTX IDMN DINN 0257010
LOMNX DXONND GN) 2NN DI P OMNHD OPUNNND DINDN DYAND DXPYA DOXVIN)
Y11 (Gross, 1977) DM MN512 300°C-1D NI 9NV NIINN DY WIANND VIDNAND
YWHD DY 1DIPMTIN YIN DY I9DNY YN DIVIPY DMINMN DWOD M2V MMPNI 03N
mMIYY DIVIPY 7DXDXI79) DNV DO DX27 DIPIWY DOYNINND »OMPY T/ TN N2¥A0N
MY NN NNAY MTIPIA TPNN ,NYP DIN-DYTXR YOUN DIAINN YDXOIN"I PON .00
21NN YW NAONN AN NIN VIINANY VIXOP ,0NNINVN 20N 13 DYTN YOD 0PN
MMpPNRA 7O¥p» T .205°-1 340° : DY DODDD DNV YDIPMTD ITINIVIN 2OV INMNN
AT YIWMY DIPTO DIMNN 5INN MPYTY NNIIWNY .OMINN DN DININ NYPII DINN
NIY2N YTPIN 2172 DPTON .DXOMY DI IV N/ NIVIAN TPIAD INNN TN DIITY NIINNN
12201 YYD MONN DY TN T2 HIN 7O DN MMIPNIA PI . TYNNN DDA YNON DI
YIIMN PTOA YTINW GNDM DINN .NIYAN DY INIDY PTON NOMP NYINI DYPTON Tina
DN 2NN TO9) DN DXPTONY NMIYVLN NN JVYH TIDY ¥ . MINA IVYY 270 DINNN NIRNIND
52 1N ,7INI 191N DMNVPLN DIPTON PPN NNYN PPN HYA I NIRT DMNVPL DOPTO
97 2N HYa 1) ,DYNXIPN NI MDY 7DD NDSINN D900 D00 NN AN

ANNNN PVLIPPN PYIDA DN DMNVPL DIPTO 2NN NN

(173770699 .8.3) 9951 9773 YNNI KuPh3 H4790%3 My9in - 9299900 5N :9 1NN

JMIND NI NANNY YD NDODN DY NINN NNIND TY NY D)

MINNY DN PAIPVLIVON TN INY TIY M) P9 XN NPOYPPD TIN2 OMNIPINN NN
(1949 ;71 12) POIN NTYN DWA DMON NNON DYAN 9N DOVYIAN DYODN .NNTIPN
TPNANY NN DTN YTIND 1O9) N 132 ,1MON> DIDYTY DINUNND DN PIDINID MOD
NYP .PPL NNXN DY OIRNND PNNNN VI NDVINP N DTN (5 OOWIN ; KuPh3 N1n)
2P Y N ANV TINDN PDOINIT VNN TINY NN 29PN IWND OON,PININ PNIANY
NYMNY (IO MNONN) DOPIDN O1INVOPYV DNV INMYPND NN NINNNN .MM
YPION DY YI2NN NN NMOYD (VIDINAN HWND) DPIIVNIY DIPIVN DMINNVN DN
(MIY25 POT P PNTIN N IDIN DY) DO NN 27PN NIRND (1990 ,N10)) N8N
DXNYNNN D02 DY) YOI HIPN NNNNY DNIMVLIAN DXWIDN NIV SWA 1NN
SV ) HOPION ,URYND NNNN DY DINIDIN NX OPIDN 0792 ROV NIYNN) L5953 DMINMND
Y9N 3% PYN LRI NNV HOPIDN LY DN O¥NDN NN PYODN DPIDN ,NTIN NNIAN
0Y91) NOYA NDIV DM I NDIN-DYNINN NNIN YIADH NINN DI IIMND 97PN
JOWN YY NN DD DIYIANN DXPIZNN 2570 1MVIN (1990 ,X712) NI OITY NLVN N2
ND 399 NI NOIVN D) 2NNV AN 072 - OOPDNN MPR ;NYNN D> YPa PO NN

LDNNNA XN NINNN D), PN pr ny



V212N NNON YANN .DMIPNRN 2112 DN DI OYYA ON (70NN YD) KuPh3 NN »yHo
PIND XM ODON [, TIND NYP TARD L7DDINY OND MY ) 1 MNNA NPV NI PININY
259 20NN DN (AP DOINY) THYIV NYAIN HY2) SN NIUM (772DN OINY)
212N DOINIT VIO DOXNOYIY VNVOIN ,0O0IN) ,VININN ,OINT : DIIPNNN POV
LN PN NIINN PN PYURIN LDINOPY TOANT ,DO0)T) ,DIVIINT : DDIPNNN IPYA
DN HOYODA DXVIINT DODIPN DY DNYMNN YN OMYN P2 ONNONINN D TINN IWND

: DMV DTN DOPYY 22PN DT 1PV ,7DDINIT YOO 11PN

DOPIINT MPN VRN .VXONM VINMIN DYYIPNNN DYANNN DINNY DIPIIN A
NPIN NPVNNI NPHMNIND TINN 92T ,(1PDY NN OIND VI NANN IXI) YV IIN
MNN NIV (Domzalski, 1967; Ron and Kolodny, 1992) © 190N Nyp2a 29yn NoNa
DYONMITINDS DN VIXVHPN-VIININD PPN IDIINIT INWNND TPy DWNIN 1

PPV NMNMIN DXNPOYN VI OTDIN MINN

.02 OVOIN 2
INNNN AT MYIDIN NINDD DOYANN PP MNT 03D DIXRII I21APIN DVINYA

INOUN I90THY DN MONX .DPT DINVTR DXPOIN DWW AP DDIND YO0
AGur et al., 1995) NON DOYOD DY IRV 2 NYYI NIINNN P90 IR 9 Sy K-Ar VNN

DN 0T DXANVN DXNYNN .NANVN DTN NV PDOINIT YNWNN DY) NYN YNIA
YITNN 192) N 12 ON NYNR DINVNN .NYPIAN PNANIY NIYIIN OWURID DIDINN) TIND DIVYN
PPV NNEN DY PN VIAD MDVONP NTNN (5 ©WIN ; KuPh4) MmNNNY NN nTndd
MIOVN NMVI .DIXOP 0N VINAD YWY VNI YO0 DN N DTN DMNIAN DPIPIYN DYODN
VN .NNMVY NN NPT MAYNI LINIY NYNNI D91 DTN SWNNDN THR D1
qGNY MDY SV NT MPYD DIND .TPNVPL MPN OINTIAY NNV ,34° NN NTTOIV NIDNOPNRN
IWNINIY MYILIN IRNIND NPT THIAYNN JTIAN INNN 95 XIN NMMIPHN 190N 1NYIPo

JDNNNY D»VDYIN INNND YOI NINNN XTI TIN

PN VY NNSND DOIMY NYPAL DOVODN DNN DN NYP INHNDD : NN NAN) YN WXIN
SV m 101 97N (174170708 .X.)) NYPIAN 12D NTPIY RN DY MITP .NINNND NMTY DN
NN NDOY GNDNY IWAR NN ININT DXPYY DXPIYN DMIVNN 60 ,01NMN XY DNWOD
NDIDN MIN P2 PN NI MI1PNN INNN NPTNY OPTO NNYNS I NIINNN 232 NYPIN
Y2)2W MPNND MR PIVNNI TIND VD) NYPIAL DXADN MMPNL OPP NINNN XY GND

N1’ 9270 NOY) XOMN

(175870711 .8.3) DI¥3 TP = 29 9N :10 NINN

TY DYDY .DMNINN NNIXD NANND ISM DRI, TIYD ¥IAINN NNV F9Y TIT2 NN NYD)
YWD TNRD NMIVT NN XN DN DY NDNY



DOYODN NIADNM NYN NIV 370 .).0 DY 1D 29¥N0N .NDNN DD IPINNN X371 YN NIIYa DX
Ty 16°-1 NN NON NYNNA MOV N»LVI . KuPhd NN HY DY) DNINYN 010N
.34°-5

ININTAY NYA HoS DY M 92701 NNY WIXN .DINID-DINOP WY DY MIUNN VI DT TN
NN YWY IND 1NN NN I3 D0 (FesSy) 1)) DAHN - NN PN .NSNINA INDONN
NNYN PN

D) 195 T2 TP NIYAN TYN T TP NIYIN TYWHN 2IWIN DY NI 1T NN MTRNNNN
NI VPN MINY 10M)Y IN DIWTIN DY NI DR ;T NN DNINN NYpPa Nvv Y51
1NN NPADNRND NIXRXIND) NOVINMY NYON NI DT TYUN 12D TID> MNIPY 19010 NNIND
DN TON2Y, MO MDIAPNNM '9NVN OO, TPINN 2220 217T) YOO NI NINNND NN (MIPD
912> XY NIYaN PITY D) NI (N INNN NPION) NPNMY NPIN THAN TP NINNN
TUN 79NV NMOY ROY MNTNIN TN DY NIXDIND NN P 12T INKRD TIND TYINND NPNID
(1977) Gross 991NN NN DY YN NINNNN NNIY DY J0 YIWND DI 1D DX XN NIYan
NN MR OYOD DY APTN NNVOPLMN DPNDIPHN DXIONNN 29N THD DY NYaP
DMONINN DOVINTNN .IXP YITD MIVIN THPYOPN 99V NPNN NNPN DODN MNNNNNY
D>TT12 ©MVN MIYY TY DXIVN) MMM KO INPNMN YOUN NN I2YNI DIXVINNN DININN
PN NI PONN DY DN D) DOVIANN (ANPN DD

POY OMINMN KD DOYODA GPIIN 4MA TP DY MY XIN NIYAN TYN WOINA DYTHN PWPn
IMNT NMINIT INYNN DI TN DIPNN NN TPNONN MNNN ODPD 2N DOYIND IWIN
,TPNTI-TPVIIN INTINY NDA VINID-VINDP YOIW G NN XD ;3D T2 TP NI TY N 12
,DMNNIN KO DWHDY NHITTNA DIV NI NNV DXIINMIN DOWHD 91 X /Hn § 1I0IWpP
NP OIITN OV NINNN PATA NVLWN 2D NNNNI NP M VIIND .DMINIVI LYN GN OPIN
19990 PNINN .OIINN AN FOYN XM NI NPNN IMIDI .NINNI MPNRY NN NN NOIV
DNYT PNINY VIIND DY NUN YDNN /N 18-15 NIN DMINMN NXON DXWHDY (Tpmn) VNN
MO N YOOD MPN DN MNNN PN MNDN ; TIND NYON NINNN 1YY DOYOD DINNN)I
NN DWDIAPNN GONN 29 DY TP NIIVY JONVLN MDD NIINN DY DTN NYIANM)
150-120°C 5w 9170 Nyap) 19 13 .750°C Hv 2w N 79NV Nyapy mowa ovo ,650-800°
VPN D DN DN VYN IN DINRIND DN PITY OPNPNN DIWIDN N NOONYOPNN 9NV
2WON TV PPOIND ) HY INNYA (DWODN NYIANY MYPN ,DOWTN DIDINN NPN) YONIN
,TIDY MNIN 7901 DY02 Ky OITITIN NTYN 2N DDA DY NN PVIND TPIND NIWAN TYN
DIND PI PIAYN2 NPYI ,T292 NN 72y OIND ,NIND NIIWYNI DYNIND NIYIAN 12
DN MNTIN NIVYNI NP ND LYODIY OMNININD 1NN DY NOUONN NIV 2APY IXDN
2WONN MXXIN .NMIDMHN D3 NYNNN NIRXIND N0 DIN MNTIINY MINPNIATPT NPIPNII
v .0 1,000-300 DINNA 7PN TP NIYIAN PITY PPOND 112 )9 DY 8§ DOWINI NN
N2 TPOOPNN 9NV - N NNX ,NPNMYI TID MMM 90N IWNI MNMPY 10 DOVWH
TVIX P17 1IYaN TYN NN 150°C-HD NMAX T /990 DN .NIYIWN DD IRIN X INPNRN YoON

N N9 NN ON TONYY,N39N2



TIPNY DTN D22 NMINT I NYNIND XD DININN NYPAA 19IVIAN YU NIy NN DD
NN YOO MOMP XTI TIN TR TPIIN SNNITN 19INI NVWINN NIYAN IXP TN VPN
P DY PN ONINN NYPIAA DNMVIAN DOWODN DY HY NIYAN AT NNND MYTN NIDYN
D>TPIN AT MNP MPIT IVNIND DT AT TIHIRD .0NY 2O MIVY GRI 29ONXD ¥ TYINN

.DOVTN DXTPINA NIYA NONN 12D WRYI) DINY

radius of thermal effect (r)

(15 m)
burning
zone

25 days

Temperature (°C)
w
S

50 days
100 days
300 days
500 days —

infinitely |

1000 days

Distance from center of focus (m)

33T 99AY 399 TN NENN AT MINT 0N 3911 99 2520 /9NN NS :8 BIVWIN
D9MN XYN DIYHDY 979D 19991 PHINN /N 8 - (R) TN 9119 .09 19ya
NDY MUY 19190W 159190900 79900 .750°C - 1pma NYan anv /1 15 - (r)
NN (150-120°C) >pNnn ¥900 2990 H3an Yy NXAW Y3 AYawny oyn

IPYPNRN NVYA

999395294
INIYM OV VIVAN DY NPDII-IPIT MNON DY NNVINNVN NYAVN .1980 ,.¥ ,TINYOPN

LN MOV ,DYTNY NVPYT ININ NYAPY MYIITH DV OPON N2 BV IPNN DY NN
Jny 101

NVYDININD ,TADIN ININ NYAP DYDY NTIAY .0 NINN NNXN DY INININ 1990 ,.X )2
20y 118 ,GSI/18/91 n7yT,1991 PNOWNIN NINN 1) (PONN PXPN) DOV, 1I12YN

,1985 IDINN NINN DOV 1 2-N DI ,NTYN NN ,1949 20N NN 1949 ,> N )2
0y 206 ,GSI/10/85 Nyt
- JPINOINDY INMINNDD NPOVIPA NPYDID DY NINNITY VNIDNNN-IN PHYIN YON> 1990 ,.0 NI

73 ,090N PN DYV ,1PIAYN NVIDININD ,THOIN ININ NDIAP DY Ny OXIW
20y



MNN M DLNNNIPN HY DPOAN) DMINVPIVD DMVNIY 1998 .0 ,PIN
DWY NTIAY .0 NINN NYPIAI ,0XNINN NNENA MM 7INNN NNIT IMNYY NOPITIND
J0Y 58 PYNN PIPN) YAW INT )P 12 DOOIDNIN ,TADIN ININ NYIP

Bentor, Y.K. and Vroman, A., 1960. The geological map of Israel 1:100,000, Sheet 16 —

Mount Sedom (with explanatory notes). Geol. Surv. Isr.

Bentor, Y.K., Gross, S. and Heller, L., 1963a. High temperature minerals in non-

metamorphosed sediments in Israel. Nature, V. 199, No. 4892, pp. 478-479.

Bentor, Y.K., Gross, S. and Heller, L., 1963b. Some unusual minerals from the “Mottled
Zone” complex. Israel. Am. Mineral., V. 48, pp. 924-930.

Bentor, Y.K., Gross, S. and Kolodny, Y., 1972. New evidence on the origin of the high
temperature mineral assemblage of the “Mottled Zone” (Israel). 24™ Int. Geol. Congr.,

Montreal, Section 2, pp. 265-274.

Burg, A., Starinsky, A., Bartov., Y. and Kolodny, Y., 1992. Geology of the Hatrurim
formatiom (“Mottled Zone”) in the Hatrurim basin. Isr. J. Earth Sci., V. 40, pp. 107-
124.

Burg, A., Kolodny, Y. and Lyakhovsky, V., 1999. Hatrurim - 2000: The "Mottled
Zone” revisited, forty years later. Isr. J. Earth Sci., V. 48, pp. 209-223.

Clark, 1.D., Fritz, P., Seidlitz, H.K., Trimborn, P., Milodowski, T.E. and Pearce, J.M., 1993.
Recarbonation of metamorphosed marls, Jordan. Appl. Geochem., V. 8, pp. 473-481.

Domzalski, W. 1967. Aeromagnetic survey of Israel. Inst. for Petrol. Res. and Geophysics,
SMA/482/67, 54 p.

Gilat, A., 1998. Hydrothermal activity and hydro-explosions as a cause of natural combustion
and pyrolysis of bituminous rocks: the case of Pliocene metamorphism in Israel (Hatrurim

formation). Geol. Surv. Isr, Current Research, V. 11, pp, 96-102.

Gross, S., 1977. The mineralogy of the Hatrurim formatiom, Israel. Geol. Surv. Isr. Bull. 70,
80 p.
Gross, S., 1980. Bentorite. A new mineral from the Hatrurim area, west of the Dead Sea,

Israel. Isr. J. Earth Sci., V. 29, pp. 81-84.

Gross, S., 1984. Occurrence of Ye’elimite and Ellestadite in an unusual cobble from the
“pseudo-conglomerate” of the Hatrurim basin, Israel. Geol. Surv. Isr., Current Research,

1983-84, pp, 1-4.

Gross, S., Petrography of the Hatrurim formation, manuscript + appendixes (unpublished).



Gur, D., Steinitz, G., Kolodny, Y., Starinsky, A. and McWilliams, M., 1995. OAr/ P Ar dating
of combustion metamorphism (“Motteld Zone”, Israel). Chem. Geol., V. 122, pp. 171-184.

Kolodny, Y., 1979. Natural cement factory, A geological story. In: J. Skalny, (editor), Cement
Production and Use, Conference Proceedings sponsored by the Engineering Foundation, U.S.

Army Research Office, Rindge, New Hampshire, 24-29 June, 1979, pp. 203-216.

Kolodny, Y. and Gross, S., 1974. Thermal metamorphism by combustion of organic matter:

isotopic and petrological evidence. J. Geol., V. 82, pp. 489-506.

Kolodny, Y., Bar, M. and Saas, E., 1971. Fission track age of the “Mottled Zone Event” in
Israel. Earth Planet Sci. Lett. V. 11, pp. 269-272.

Lees, G.M., 1928. The chert beds of Palestine. Proc. Geol. Assoc., London, V. 39, No. 4, pp.
445-462.

Matthews, A. and Nathan, Y., 1977. The decarbonation of carbonate-fluorapatite (Francolite).
Am. Mineral., V. 62, pp. 565-573.

Matthews, A. and Kolodny, Y., 1978. Oxygen isotope fractionation in decarbonation
metamorphism: the Mottled zone event. Earth Plant. Sci. Lett., V. 39, pp. 179-192.

Matthews, A. and Gross, S., 1980. Petrologic evolution of the “Mottled Zone” (Hatrurim)
metamorphic complex of Israel. Isr. J. Earth Sci., V. 29, pp. 93-106.

Nagra, 1992. A natural analogue study of the Magqarin hyperalkaline groundwaters. Nagra,
NTB 91-10, Wettingen, Switzerland.

Picard, L., 1931. Geological research in the Judean Desert. Jerusalem: Goldberg press, 108p.

Porat, N., Kolodny, Y. and Schwarcz, H., 1991. Timing of metamorphism in the Hatrurim
basin — new evidence from ESR dating. Isr. Geol. Soc. Annu. Mtg, p. 82 (Abstract).

Ron, H. and Kolodny, Y., 1992. Paleomagnetic and rock magnetic study of combustion

metamorphic rocks in Israel. J. Geophysics. Res., V. 97, No. B5, pp. 6927-6939.

Weber, D. and Bischoff, A., 1994. Grossite (CaAl;O7) — a rare phase in terrestrial rocks and
meteorites. Eur. J. Mineral., Vol. 6, pp. 591-594.

Wyllie, B.K.N., Campbell, K.A. and Lees, G.M., 1923. Unpublished report. Anglo-Persian
01l Co.



N PN 5990

NINNN PINNT D200 OINIY0IY MNHTN MY
NN N 909

V72 1170-)2 NVYDININ,NDXADM TN OYTNHD NPONNN ,YO0N NPIINY 1N NTIYN

8PN

— 1998 DMHWN P2 DN YILN MY MNINA YN NTNN OPIND MDY XYNA PPN IPNN
PINN VI YN PININ — IIPNI DYV DIPIND NV .IND DNININ DININNN P 2001
MNYA DYON NNMD .OITNN PNOIX DY MIPOYN MATHN VIV NN PINDD ,WMN DY

JPINN DO MY MNY PINT NMVIY 1D T PLIDND DINY DIPINNN

PITON NN TINN .11 MDANY NIANT MYINYN Y2 OXPTO DXNIOY dNIINN PINNI
0 1500 Ty 500 W 5910 Spwm DY) DX TN YOy YO DY 0PI MININY DM T
,DXTT12 DYPIDA NYNN 1ONN NIPOXYN YOON NONN DXPNNN WHN DOPIYAN DN MMIPN2
DNPNN 02 N2VY WX L(NNNX IN NNDYTP) PXVIN IN 21DV 1NV THIND NPONNL DN
MY PNIND NN YR DN MDINN MNITHM ,IWHN ,D2990 TN 1N WNIN 92w PIsNa
2IVOINN 912 DPYN MY NPHIND TTIA PV HY MDY 2WINA TIND SNINNDN PINNI MM
MM DPTOA DM NMINMD PNIAYNL AN PTHN NON PINS VIDY TIN y¥2 1Y IpNNa
MYNNNI) OOVITIN TINNN TN NYIAP IWIN 2NN .INTR DY IRNIND 7PNION

NLYI NN TYN I8 XN P12 DD N2 (D0D3D

PN YOON NDN 7297 ANV NM) MDINA YDDIVIN PITOA PARNND  ONAND PINHN
AN MY MTIPI TIND NT DY 1T MPSPRIVIINI DINNNDIN DNVP DXV NMINNDHD NWYND
N>IND ¥ 1OV O DPYN MNY NDDIN NVIYL NN PINNI MINON DY NN NN 1N XD
TPX99T MNNY NI NVIYA YXIZ MINOT 2WIN .DMI1YAN NIIYN DD MY NN NIYNI
Y NaVNa NNIN NOY DTN 1T TN My vy wnn DDA now — 98y >nba ovTna
DNYY DXPIDAN NIWHN NANN IVON DD [, NINDND NPT DY) TN ,DYPTOI DM MM
PINNN NANN DY NYAP IWIN 2NN AT TNIDN YPIP NXIND NI MYNNIND STPIN MIDT
NYAPNN WX DPIVIAN PA PINIT MYONNN DTN NNV TYNT MNY NNNYA NNTR DY
20NN DTN MYXNIND 1IN PINHN DY DY DININ HYIN MNIN 1D D .ATYIN ¥ TIN
WY1 DIWAP) YOU PIINA DY TPNDIMD MYNNINI TINN NINMD NN MINNND DTIND ,)N01ID

NI NPT NPDIND NAVIN TN NN D101 PINNA PXNNITM (MNYP

55



YNIN DY PINN — 1701 NINN

NYan

1701 7192 90N YR YN NDIYN 92aWN N2 D911 DIPIDA NYIDY 1NN WNIN DAV PINna
92NN IWHN ORNNA XY W 52597 MPNN YN NN NV 1,400 HPw,m 70N 15 NN Hya,
LN NN OX MWD NIITHN YN NNN 2 /0N P12 NN WRI DX NYTNN 15970 7NN NN

(1 99N) PMNVA MDD NNNNI NN MYV NITHL NN 30N P

DY N2 NANT MYINYN Y2 DX NN OPTO MIAYVEIN IRYIND DMINY DXP1YaN
VIVIN) NIV DIVT MDY MYYNM 14 ¥ NYNINN 71703 Y9¥a INN 2IOWN 2NN . 210W M NN
5¥ TN TENT NN SINYY .MYYN 10 — 53 YIINNN NNLPI MNTI NPV VI N (124
VY NYYA NNNN :NPIPY MDIWN ONYY DPONNN DPTON .MYyn 20 NN MWD
MDY MOYN 87 HW NYNIIN NPOVI NYYI NIV 290 VIMIXR MY MIYYN 82 HY Ny IN

2 9N) 220 VDTN

56



Raman Ramp
Fath

Zeawnt Dwellings

=

Snake Fatn
Clitf

—
40 Melers

NN DY PINNA 08 ONYA DIPIVI NYIYY .1 9N
17823 YOUNN HY 11911 MNINN

PXIN YION PN

NTAYNL SONODPRNIIVN WINPT PNIN YOON DY DMVDONRND DINTPNM 20NN PHIND
570 .2.5% — 53 NIWHD NP "N/ 2730— D YION MY .YI0N NPT 1NN
TOPX TN NNNOY PXIN YOON DY PHND .0.12 — 5 PoXID o ,42,000 MPa — 5 ny»oooxn

57



Axial Stress (MPa)

PN TN NN JNN DY TIDY ¥ 3 PN (7700 3,000 1 Noyno) 300MPa — n ma
.P8IN YU YN TUN

YMN 972V PINNI NPIPYY PITO MOIYN .2 9N

400 ) E = 42.909 MPa
1v=01844
300 —
200 —
100 —
0
| | | | |
0 0.1 0.2 0.3 0.4 0.5

Axial Strain (%)

ONIN N DXTN .PNIN YO0 DV (171D 54 70IP) Y2393 DITN DY NDY-YINRND NNDNT .3 91PN
.300 MPa — 1 51 18-TnN NXNDN PN 72991 Hwo 1y

MOXI INONWID PN

DTA YW MON MNIN (K :DNNN NWHWA TN MDY X NN YW 1PHN PN
10) PTO 97901 7993 DITH YV (MYNDPRIIV) AN NP NPT (2 DINYIN DIONN
.DXDADIND DXPTO YW NPW NPV MP>Ta ()

58



Axial Stress (MPa)

TIONN TIMY J2PNN .ONRNYIN DXNYIN DY) DMIDNND DXNWN DY MVN NN 20 W2

DTNV DTN DY NIPNI .MYYN 28 — D DIINVIN dNY TN DMONN DNXTH DY NIPNI
23 NN DAPNNN TN .OINDNTI IPYN TIDNN TONT NUYND XN NYAPNND TIDNN TN
Bah)V)a)

N1 NN YN N IDIN DIDIINN ONYIV DY NN DY NN PYIN DY NIV TNIND
NONN N2 N NNN PTON NWINI TINA (R4 IPNR) MNVI PTO 220N OD) DITH DY NXIANIN

NN POY HYMM MONIDPNRIIVN YIAINY DIDNN DITHN OVIMIT PO 1PN — NTYWA NINI TWUN

NN PTONY TY NN NN YA DT NI XND NNN . 2.2MPa Sv nnsya mMuny Nnooo
YXII WY WTN TIYD NONIN DNDIN XND ,0XTNN NN I NNIPIA NPNN MNIN .PPoNnD
NIANN .PTON MY PN PIVIP YAPNNVY T NDNYN Y NTINA 7 WYX 1T NVIVI NP NN
TONT .5 PN YN PTON HY DINN NPIVIP /24 PN DY NDNYNN MINNND PTON
N22PN) AWNR VYN INN IMINY INITA ,MYYN 22.7 NN N NVIVIA NYIAPNNN TIDNN
NNP2I YNITHN PINN DT OOPIVA NIAY MDD NN .PHN PTO DY MOLNN MNINI

YYD TINN TPNT 795 NavnNa

AN NP NPYTAY N9 IDIN 920N PTO HTIN — /NG PN

25 — -
Confining Pressure
— 16.2 MPa

0 £ . [
- | | | | |

0 0.1 0.2 0.3 0.4 0.5 0.6
Axial Strain (%)
T2 PTO N2AY NYIANIND NI NONYNN ONTND —7ag 99PN

59



=357 01 =2.258 03
R? =0.9927 1
w c=0MPa, $=22.7°

10 -

PEAK AXIAL STRESS
R
)
)

CONFINING PRESSURE (MP a)

ININ OVIMNT POIT XIMN PTO 22 DY MANINN NPHN NN MIRHIN TIDY .5 9N
YIP DONY MOYN 22.7 HYW TIDON T DY MINDY DY 1PV

PN YODN NPIONY 2NN NTIYNI NPY NPT NPITAA D) IPTI) 2IDOYW XN DY DIXTN
D)7 72 DY WA TWUN NPY NPT MPATA NITO NN 7 PRI ,NPITAN NIIWN NN 6
.DODIND 215W NI DY NPY NPT MPITIL HIWIN IWR DWIN 1PIVIP AN 8 PN T2

IRDMP 2N .22 PIN — 12 NVIDIDMNINA DXPTOA NPY NPT NPATA NN .6 PN
JI70 15 NYHN

1.2 —
- Normal Stress = 1.38 MPa
g
= 0.8 — 1.2 MPa
?
& | 1.03 MPa
prd 0.86 MPa
‘f 0.7 MPa
o | 0.52 MPa
) 0.4 0.35 MPa
n
0 T 7T Tttt
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Shear Displacement (mm)
NTNNND NPY NN NP NPT MIPXTA NITO NINNIN L7 9PN

60



=
o
|

© ]

o _

é |

n 6

7]

o ]

& ]

r— 4 1

S _

q) —

c |

7)) _
2 — Direct Shear of Natural Bedding Planes

7 O Triaxial Shear of Filled Saw-cut

0

0 5 10 15 20 25
Normal Stress (MPa)

NT¥NA (DY 1Y ,DXPTD) NYIIN 7NN NIY DIN MALYN .8 9N

MNONWN PN TN, MPa 300 Syn 9112 Mad 178N PN YOON PHIN YD 1D DX DIDY 1NN
TIDNN TONT.MOYN 23 HY TIDN THPNT T TY TINI OXPTOL MIPY N PHIN TN MDNIN
955 NPV DXOADIND DIPTO 72) DY NPY NI MP>TA MYNNINI NIIWYND MNP NP2INN
MOYN 41 Y IRMN

N8122 100N PNIP0N

DINND PINN DY DM NNDID MWD MMTY

HRDD MY YTPIN 11D .1PHDID 11NN DY NN O YPa YW DY N¥N NTYNN INN
A9N9 9 9N Yo M =4 - 8 HSw nnsy May 2000 TY 1950 MwWN ypan TINY

NN — MPDION PLIIAN) 8 TY 4 NTIVIIN N2Y 2000 Y 1950 P2 OPNPDID DXTPII .9 N
(MNINDID PN — IR YVIN)

1902 PNTNDION PRV TN ST DY SNDXD IPO YN DTN INND NINN NYIAP TNY
TR YW NNNN YAIR NPMN NTAYN TONNA 1998 ,IVPIND 13 — 10 DXIINN VAN

61



VT2 NNNNN YD .97 MVYIND 4 MNM ,PITHA 3 NINN ,I7NN WNIA 2 — 1 1 DN ,mMPIn

YPI WYY DM TN NY2NN VPOX 9N 29N (N-S JE-W) 0»par nynn »1059 »v
DYIT2 NYNIND YR THITNXR DNTR NTYID NANN NHYI G0N (NNDY0-1IPMI MDIYI)

Zaslavsky Tinm) 10 99N2 . 2.9 NTIVONNA 12: 28 NYWA 1998 11VPIND 132 PD1IOP NN
UNI2 2 — 1,1 INNN2 MWD WK YPIPN MNIRD P2 0970pavn ondn Nam (et al., 1998
1) LDPPAINA DX MW DN INTRA NDYY TONN IPNNNA 4 MNN NLIYY N
DNV Y9 NN 1IN ONT PAY 02 . 1L.4AHZ 973 77IN9Y NN Ndp 1ORY MINYY

217792 3.5°9 NON NYNN 2990 AR NI .21PPa

MNNY DN (2,1 NINN) PIHN YNRID NNNN NIAY DTN DTTHIY 993 INNX NINN .10 99X
(Zaslavsky, et al, 1998 Tynn) (4 NINN) PINNN DDA

YNIN DAY PN 03piva NNHTN NV

YT MYNNNI 0192 NYNN DY NN YN NTNNA XNIVIN PISNND M DY IPNN ToNNa
DOPTO THD YW MNONT DY 1>T N1an nasnn (flat jacks) N5 1o (joint meters) o>pTo
PTOY 2% 7Y DO NPMN OPTO TN I90N . PND 11 DIOYINI MY XND TN
1920 YV NPONN N NOVOWA NN NPONNN INDY DYaPna ,YO0N G Pvan Pa ,nndnnn
192N NPONN DYV 15 PIYA YD DY0I2 )P T2 NND 10 .OOPTON TH MOINNNA NNVIAND
YN NNON THY DXPTON TN DY NADWNN NN NNXTIN 12 9PN TN XNON NN NNdY

21920 12YY NPONN WX TONNA 3 7D RPN

DXPIVAN NVDYN TANX DI DOUNIN NYIY TYNI 1ADN) TUNX NN N ONXIN 13 9PNa
Y1) YY IPMIN AUR DPTHN NMPN NNIN IADNI TUX NN NN D) DINDN NNV DU

NTINA 92NN DPIYAN DYDY NINRNN 2¥PY 13 9PN MINIY \) (Bedrock) qoxan yoon
(1998 ,5>79NK5 10 —) 7) DD1ND DIDINN NIV MINND

LDDPN MPYY NANND ITHN NHY IN ONDD JTNIPN DN MINTN ONN NORYA NONY)I
TPNINNAN MNNN NYAPNN 0N DYDY DNIND NIV IWUR DTN DMNHDIDN DIYIPNND
TIND .NDON XI9NT — INNRNN NP 250 N DY DY PNINA 4.4 HY NTIVIINA DN OOPIYIA

(Abrahamson and Silva, 1997) 79101 PNIN2 MYND PHRDIO IDX TIDOW HY 1Y TN

62



DX Y21 DT80N PINNI NPMYRYA YPIP MITHNY DINY D912 P KY 1IN DINPRY 72
DOPYH MBYIN ON MWD YW NANN XLVIAN DTN DY WX DN NPRY D
DPIPN

B: Flat Jack

Safety Valve

Pressure Cell
225 x 95 mm

A: Joint Meter

Crack Ball

Bearing
Invar Extension
Rod

[[&]:r Sensor

T

Protection
Sheat

N3N NIIND (PR2D VIVIY) YN T (NVNRY VIVIVI DIYIN) DIPTO THY NONT (N .11 IR
Ay nN»T

63



Displacement (mm)

0.1

-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9

Pressure (kg/cm2)

INY 3 7922 RPN AR (FJ) X\non 19 (JM) 0P 701 > 11 %W nann .12 99N



Relative Displacement {(mm)

1 1 2 2 3 4 5 6
0.2+
Bedrock
S e ey

Eo4a-
T
0061 Gulf of Eilat (Agaba)
g April7, 1998 M =4.4
808+ April10, 1998 M =4.3 Block3
g
a 17

-1.2 -+

1.4+

-1.6+ 14.1-20.7.199

N9ON X902 TPHDID MDOYEY W 7AW PINNI DP12 NYIYY NINN .13 91N

YN 1710799V MNY MXNIN OY TNXA 3 790N P12 DI PTIN MNHIN NNXIN 14 PN
INNDY NI PN .21PPA MY DY NV NNPN MY 2 'ON PV PTON KON TN YT
(IM10) »v 17 .nMVI9NLN NP Dapna (IM11) o) OIPTIN TNX NN PN
— DN VLI 3 PV NNPNNND PTO AMIY INIAND D APY IR DI NNT TR ,MND 1N

JPOIN

OXPTON YW NTNNN DTINN 2D MIVAX DY 11D DIOPNRN NI NN NIRNN MIN) MM
NNYNY YWY IT OMINND NYNN INDD X MOPR DNPN ("NNNNND SPToY) DPvan 11
oV TP INX NNNNND PHIN MYONND DD N1 VINNA MIATN MK DPTO DY NIID)

)N DY PTON

0 - -5
01 1 T2 L45
£
02 4 M1 L4 &
£
=
03 - Las E
=
I
04 Fez2
=
05 | 25
) i g
06 - | Frz -
e
07 15 @
£
0.8 - L1 "g’
JM = Joint Meter (LVDT) | o
- 10 =
09 T = Thermoresistor l 05
RH = Relative Humidity
-1 T ‘ T T T T T 0
D D D D P P P P B
N\e) N\e) ’\\q w\q w\q w\q rb\e) ﬁ\q N
N Y N NN N 5\ N\
O N A D N

3 Y1922 TRV Y93 DIYPR MW MIINN DY OIMY MNN .14 99N

65



YNIN 95aY PI8NA Y039 PIa HY MK NIN)

PN AWN WINN 9390 2950 WX IR )20/ MY Y2990 NN Yyn N 1 'on pva
NI OV Y90 9NN YNY OWAIN PN (1 IPN) NN YN WIND 92090 NN P2 NNINKY
TN Y OWAINN NWIHRN SNNND DXA908NN DPIN-NN DPTO MW 3T HY PINNNN PIND
PYPON MOWNY DIOWN DXPTO MW NWYNY M3 NI G P1van S¥ >wann NwWnn
219WN NN SY TINN DM YN 719N SY 100N MMM (16 TPN) INNI NPYNIN
919°0N NN IMN HY 70N NN (15 TP 2DW NWNY XONT) NN P1van Yoy

.Hatzor (in press) »7 Yy X211 wNin 92¥ PIxNa 0P DOPIYI MDY NMYIL DY NONN

Ae— B
W A
’

J, :.y

: H = 15m

Zw

‘]3

o \ 4

DATUM Zw =0
Rock side | Space side
A B C

66



Y1 9N — C p1on ndn van — B ,non van — A) vnin 92w pisna 1 /0n piva .16 99N
Neapa)a)

YYD 22.7 =52 NOIWIW DAY TIDNN TN MDIMP M0N0 11DV X NWND N9YNRD NN
10 TY 5 MDD 191 TN 124 VIOIN MDY MOYN 14 XN 1OWN MWD YW NYXINNI N»OIN

20 — 92 NIV 2IDWN NI NV TNIN MM YN .NYSINNN PVIN MND 2520 NIOYN
U2 2NN NMAY 1.15 — 1 10 ON DY NHINX DPONN THD PNVIAN DTPN 124 VIDIN DD MYYN

M ANND —ITHN NIN NIND NNWD ITHN IT PNIND

DYPTO2 D) NNY MY WD 28N DNDN PNV DTPN NOIAPS WITTN OORVIVY TINNN MO
Y NP20N2 ODNPN NININY OXNNA 10N PIVA HY NMINMN N THIN-YT NDIND NIAY 2WIN

NINSN 295 YN OYTHN NWIdPYWA TN 2wn ymN .(Hoek and Bray, 1981 bSwnb) oyvo
N2 May Londe et al., 1970 Sv >1on nonn pInon ow» .Londe et al., 1970 Sv »axan

XN P2 v Hatzor and Goodman, 1997 > Yy NN DPTOA MNWN DM
MXN O¥THN NYIYYI DMVYA (DXPTOI XIN DI THW) M 28D 2Y YORLDN VNN

VITTN MONN 15% — 52 M) >T9N NON PNIND NAY VITTH TINN MOY MIXID 1N .17 TPNI
2TNN =T PINS MY

NONN NMIXNNY NN DIPN YPIPI MNTTH MDX HY NPYII 19U NPXD NTIN 1T IRXIN
NMNITH MDY NAPN MPX IT NNIN T TN DN DY INY NN 7PYIAN DY TN
7050 MINMI 18 PN .DYTHN MIWA NN MINNY MNP XY PIDAN NIVNIN TWNRD DWODI
VY VTN ORIV TINNN MO NIY STHN 1T PNIND NPT IR NNNHY DIPLIN PV DV
MYV NIPNI .PYAN DY TNIRND THNA 9295109 (ABCD 1nd519) »wain g nnianoT nnd
9NN PIYAN 2)2 0NN MMD DIPYY Tya 792N N9 DY PMONDN NOTIND NN N DY)
MM NYIIL NVIPI ,TIAD .INY DX NININID PTHN-ITN PINA TI APY INY ROD LYND

JPYINY MPR DYODI MNITH MDY

1500 -

—&— B (3D) ton
—il— B (2D) ton

1400

1300 -

1200 -

1100 -

SUPPORT FORCE ((Ton)

1000 -

900 - T T )
1 1.5 2 2.5

FACTOR OF SAFETY AGAINST SLIDING

12y 1701 2192 HY M MM O THN NON PNIND YTHN — 1T PINI P2 INNYD .17 9N
.(©X022 25WN 7YY 1)1 DPTOD MNY) PIYAN NX DYDANN DXPTON D2 NN DM THIY

67



3D Block

C
Equivalent 2D slice

DYP1Y2 YV D27 DIPNA . NP DTN YT NINM XTHN NON P12 DY NNXID .18 99N
112197 PININD TPIVNINDT NN NINID NNVIN MPN 7PYIN DY NOTHN 1T NIND O1VNIY
JNYHOIND NPNY

d0V0 - ITINDS MAINY NN

2NN Y AN NIAY THN NON 2IWIN YA ONWID YPIP NXIND NIAY TIHNN N NN TNND
21220 5y DO/ MNIDN NIIWNY .OTIPN PNINL D) NVPNIVY ANNDN NINAN NVIWI NI

- 1OWN NN oNN Mo ,U2 -2 pron omn mo, ULl 1 — pr1on oomn mo W 12100 md)
MY HY NMVLIN DY 22PN N PPN YPIP NYINNND IRNIND 7I¥IPNRD MO qon (U3
v axn My PN .R=W + Ul + U2 + U3 + | :xn wrnn mnN1dn 9pw 1 .1 - 210wn

YT R 59pwn by Syain , WD TN MDY, B Tinnn Mo L0aND DMV D910 MND
PNININ NVIY .2DYN NI DY TIDNN NN AWNNNA PIDN )NV OTPN NDAPY TY NOWIN
DYNVPIN HY NPIARINNMIVD MOYWNY 972P1H2 NIMID N1 MYNNNI DXIVWIN Y91

77 28D MNAY IWNN MNXIN (19 N XYY Goodman (1989) Hx nININD DPVINMOIN

2y 0.79 7y 0 - 1 1290 PPN YPIP NXIND HY DY N2Y 20 TN NN W 28ND)
.1.5 5% nnvr2a 0PN

68



SUPPORT FORCE (Ton)

3000

2500

2000

1500

1000

500

— T2 NWIN 1) HY NPONN DY NIPNY M 281D 91AY OVVD-TTINDI MDN NN .19 9N
VN NI NIPN) NPINNN NI DY TN INDD 22PN PNIPIRD M NI AR PNIND

.(Aovn

Saturated
Case -

-
P Dry Case

0.1 0.2 0.3 0.4 0.5 0.6 0.7

PEAK HORIZONTAL GROUND
ACCELERATION (g)

— P2 TPPAON YPIP NXIRN DTN MOND 1 P1D2 N2Y WINTN HOORVILD TIINN M . 20 91PN

2THN NON PINS

413 SN 191 295 0.2g NN NDHN DY NIN NAY NN NP2 NIPIIND YPIPN NXIND
TY HY DIPPOIN YPIP NXINN DY DYDY )NAVNI RN W 9NN NPDIVPIDN NN AWNNNA

DTPR PN IRVIVA TINNN MDA YINWNY ) BN NP 1P NTHaY 12m> .0.69

W2 a8N1a 1.5 5w pnvuia

YNIN D3y PIsn — MIPON) 0190

MNITN SWI NIVYNI XXAND PRY TD 1INV M DTN PXIN YOON PN QO

LPXN NN THIT NTNNN OPINNA

IMP 210NN 21779 DY DINYINN .INMA TN NTNNI MMXINOININWN PN O
TP .TA92 MOYN 23 — 22 NI TIPYN TIDONN TN .DNNN PHIN IN
41 NN DI NI NP NPT MPIT MYSNNA NTTHI N3N TINN

AMPa — 5 1y Y99 §ND My Moyn

69



MOY YY) NANT MYINVN YDV NTNNN DY ONITNN PINNA PITON NN
Y3 DYTHN YN DIPIVA DI TID PITON YNV P2 DIIMNN NI
)V 1500 Ty 500 5w 5910 Hpwn

DYPIDA DY SV IN NPONN NIN DTN DY ONITNN PINNA NYIVN DWIN NIHID
D12

NODIN MNDID NPNIN DIWNT DIITND DOYIDI MNITH MDY INN APYNI
R0 TN DYPIYAN MDN NN NIYAND TUN (NN) APYN NIWN PPNnD

WM 972V PINN DXPIYA M DY MHNPDID MDY NYIVN NYNMIN 1T I1PNNA
D200 DPINN DPIA MDY DY NPMIDPR NIYAYN MDVN NYNNIIN D) TN —

NOIYNY N0 IPD YNID NDMIN PN SANRINIIV VITI) MDY YO© NMINITNA
1.4Hz 59712 3.5 7y DY 1Y570PAD 1IN NRSNDI DT IPNNA . INND NANN
Nappjan!

NPNY D1 YTHN YT PINI VNI NPIVNIND DY DIPIVI MDY NN
.)N2VNA DN DXPTOA DI MM DTN MINY NI

70



T899 HY 298N PINNA NINLYN NN MY — 2 7010 NINN

DXP1Y2 MR 7PN YOON NON 1OV TN 12120 MNITHN MIN> NMYI MNINN PINNI
YN MIPIYN NIVTHN M TN M) MAX DY DXPTO TINNND NIXRNIND DIINNN
219N

.22 PN DXNDIN NPYNIN PITON MIIYN NPV NI ,11DPVUN YN ,PITON MDY

a o
o o

N =59

>
g 40 3 20 Mean = 60cm
g 30 $ 15
5 Z 10
£ 20 g1
10 L 5
0 0
Q';,, q;\q, @!;L %9(" Q@ & 0.15 0.61 1.08 1.54
N « Bed Spacing (m)
Joint Length (m)
N =80 15
- %0 Mean = 14 cm > N =69
g 20 g 10 Mean = 16.8 cm
] =]
2 g
g 10 I 5
[T
0 0
2.82 11.11 19.41 27.70 More 3.00 10.93 18.87 26.80 More
J2 Spacing (cm) J3 Spacing (cm)

71



T8N VNN PINNI NPWNRIN PITION MDY NI MDY .22 9N

2N TIXY NPVLDYOLO MVIY MNVID DIPIVI NYA INOD I PITON NN NIYNNNI
2IVINA TMIPOYN 1PYAN .23 TPNRI NN DY N0N NWID RONT .PINHDN MDX DY OINDN
MNP TR PINT TN NN ITVPINNN DTINIY NN IT NYI MYNNND D)) MDY
TPNN 23 PRI IINDN DTN VDY TIN NPANTN 7PYAN NNIN DY 21 1PN MHININD
MPN DPTO P2 NDWIN NRNIND YOON NON DY PIHIND NADIN D 19¥ NTNN DY 1N NNIINY
.D>PI1YAN P2 DMWY DWINT DXPTON DV DXPONN DXNVLWNN APY NIVYNI NNIIN

NNV 29D NTYA DOPTON DY P17 N) MYSNNA MITOVNININ I TINN NN IXMY TN NN
.24 9YN2

[

HnmyinnRnm

it

DYNIN PITON NN NMYNNNI NVDYOLD NIAVIN WX TNV DPIVA NV .23 9N
.NYyNY 22 IdNA

72



99981 PINNA NINHYN NHITTNN NN 02N OIPTON DY 79119 INININVID M9 :24 9N

SY PVDMPNIVT IDINA ,TPINN DIPIVA NYI NPIY NYNIY 24 1PN TININNIVIAN NN
MXXIN .OMNMP P2 TINN APY DIXNN DIPIVIAN DI WM DINPN DI DY MINVINT YT
.25 9PN3 NN IVWONN

24 79PN TPNDINN-IVIAN NN TINND TON DOPIVI DY WON .25 9N

WOND NITR NTOYI DY MITN DY NN DIYAND 1N THION DXV 1YY NYIAP INKD
TP NN DY IPNND WIDIYW NWYYI 12 TNPIN .DNRTRD DY TONNA NNINN IWNR PN MND
APND 26 AR MIXIN IWN)Y 1995 712121 YTIN NIIRN NYNIND IWR NNTRD NTYI

73



0.15 -

0.1+

—4g(E)
—da(N)
—g(V)

0.05 -

-0.05

-0.1 T T T T T T T T T T T !
0 5 10 15 20 25 30 35 40 45 50 55 60
TIME (sec.)

NN P2 NNYWIIY 39 NN HY NNTIND NTIYY 226 TN

PINNN W MPIYN MTTHN DY NHNTRD NTYI NOYONN NINKIND YAPNN IWR PN 21N

NON XON 1T NN MNN W NIWARD WX (Shi, 1993) DDA nvowa yxa m980
2T1I2 NN NWIINN YNV DY )M PN YODN DY )N NPIDNN NNDNN NN DDA VYO
41 NN NIYN NNPYI YN DOPTON P2 TNIDNN TN .ATIVHN MPPTI NININY OXNNA
2NN MIXNIN NN 27 TPNI 21DV OONYINI DY NPY N MPITA0 HAPMVY 29D Mdyn

.26 7N MH¥NN NYIN My DDA Svorannn

DONNNA NTYIND NIRNIND DTN IMNAXN PINNDT DY NIPHYN NITTNA DAPNNN PN .27 99N
(0137 O’ 5%) NN OV TNPIY

74



78 ,0VTNN PNRINI NIOTY NI — 2 NINH IMNPON

79295 .12N9) MYINYM TNV DM MIDAX DY MNANN PINNA DYHINN O NN O
TPNPRIVIND DINNNIN DNVP DIPIVA DY NN NI XY NYIND MNIVN INN
DNPT OMY 1OV 53 KDY VLD DY NOYAN NNN NXTTN

ND NV 21N DXPIVIAN NWI NP PITON MOIWN DY DOYNI DIMNMDI VIV O
2N9H2 DN XNDAN DIND APY DXPTON 12 NDOYIN NMINIDN NNOYNND NIONM

1) HY DYPTON YDVON DY 1 TH0 NN YNID NOMN MONY DPTO NYI NYaAPY 0
DYP172N NYI 2WND YVOINIVT NN OINPN MINIA WHNYND) YWNIND NN

VIDY TIN MPOYN NXTITIN DY O 20T 00y Syon DDA nidon mysnNa 0
.1995 MHVN NDRNA NNTRN NPYI DY TNPI2

N9) — NLWYA NOXIN NX ONXIN DDA NV wa 2NN NIRIND DAPNN IWNR PN QO
MNININ PINNI DIV NPYNM *2IYnn PIsna (toppling) o'piba

YOUI MNTTH MDN 2IVWIND AN NPIRNNDD INNIN N3 IpNNna N2 DDA nww QO
3T IN YONRLD DWW NNN PITO

NN NN

MY PINN DTINNY .NNITL IR NNTIN DN YAV NPNY MY YT O 1913 1Y 1PN
YPON NWIN DY D29107P 12X ,JTOIR 971 91210 X PN OYWINDY NDWN NIV DY NTNYH DTN
YTNIOND .WMN D22V PINND MDY VPN DIND DY NTIN DOVPNID PPN NIAND .NLYVIA WD
VNI NITY DY IPOIDN DN, TONION TINND ,)AXIN I : 11PN NVIDININD IPNNN
DPDAYOT TP PTIN NIANY .PYTION ONM HY IDVLINT TIDYY 71001 NI MDY ,NTYN NTAY
MR MNY DY NTIN XPIY YIN)

MNP
Abrahamson, N. A., and Silva, W. J. (1997). Empirical response spectral attenuation relations
for shallow crustal earthquakes. Seismological Research Letters, VVol. 68, No. 1, 94-
127.
Goodman, R. E. 1989. Introduction to Rock Mechanics. 2" ed. New York: Wiley

Hatzor Y. H. & R. E. Goodman, 1997. Three dimensional back analysis of saturated rock
slopes in discontinuous rock - a case study. Geotechnique, 47(4): 817-839.

Hatzor, Y. H. (in press). Keyblock stability in seismically active rock slopes — the Snake Path
cliff — Masada. Journal of Geotechnical and Geoenvironmental Engineering, ASCE.

Hoek, E. & Bray, J. W. 1981. Rock Slope Engineering. London: Institution of Mining and
Metallurgy.

Londe, P. F., Vigier, G., and Vormeringer, R. 1970. Stability of rock slopes - graphical methods.
J. Soil Mech. Foundns Div., ASCE, 96(SM4): 1411-1434.

Shi, G.-H. 1993. Block System Modeling by Discontinuous Deformation Analysis,
Computational Mechanics Publications, Southampton UK, p. 209.

Zaslavski, Y., Shapira, A. & Leonoy, J. 1998. Topography effects and seismic hazard

assessment at Mt. Massada (Dead Sea). The Geophysical Institute of Israel, Report
No. 522/62/98.

75



3 99N 5 990
]NV’bﬂ NN NINNOT 29 DY NNTIN TV NIV

P PINNIY

AN N NVIDINN,DMIVIVI DIYTNI NPIDNINND NINN

SV 5T TON ,MIPNY  MOTY MIAIWN M2 XD NNXN DY DPNIND DYPYNRNIN 21T Pon
NI DY 12D D YPWN TAND YPYN OND NY DY POYDINND DMWY MPNON 900N
D DV HIPMIN PN OMNNN OOYOD DY DX PYT DI 2NN NN SVIIVT YPYN NUN UVININ
AN NMMOVIY S GNDD DIND DN DIVIVTN 12NN NN DX NP2 YPYW VIMNIND .NONN
IO LOINRN TPYPIP DY D121 OINX VTYN DY NTOYN PTYN 21DWN DY NPNINNN MINNYNN
MNP NYN MY .OMNON NN NN 1IIWN NPNIY 1NI2PY MDY TN ¥ NN OY
M DIND NOYPIPA YPWNN DX MDY MTYIN .INTR MDY NOIN OMDOYIY DIPNYND
YT PRYN YI2Y NIWN DOVNN DMHIPVIVD DIOINN NIV .WTNN WY NP NONIND
(Marco and Agnon 2117y N2 NIXN MIPR HIIW MINID) IPNYNIN IR DR 1WNYD
™MIOY 30-5 INNMI DN YNNI DTN NDRI INRDWN NN YV DONN nwvwa . 1995)

-3 w2 NYNN O MNAWNINNY (M>6) MIPINN NRTRN MY HY TN MNNHY 212Dy
NYNN DY 191 PITA MITYIN NIV .NINIT MY DNV GON 20-2 TY GON 70-D IV DNV 9PON 50
SY NMI2) MA*IN WNINN MTYIN JNAY MY DXAYN NIVYI 1DVNMIV MNPN PN D3NP
4 1Y 259 5T 7PN MITYIN P2 NNPNN NIV DT THINI MNPN 111222 0N)Y 800 Ty 600-
14 N9 PINOD .N9NRN D HYPYNI DX TN MNMT 212y Madovw .(Marco et al., 1996)
TIWONNND MDD NNTRN MDY P2 1352 NIMINND PIONP NN DOYRY NI NN VNN

.(Ken-Tor et al. 1999) myInxN DMWN DMHONI TN NIVOINN

Field trip
27.3.2003
:
=
{
N T K
Ao o 19N
_______ Ay
; v . M2X¥ N7 NPIYN NHN NN
N sream - (after Marco and nTyn
100 m Dgwn
Fault o .Agnon, 1995)

76



2 99N
APNYN PN 992 . JND NNSN NYPYN YT TIN DIIYS 190N 1YY D»IVINYTOPD DIPNYN

NPNYN DY TN 212PYN MDY MNP NI INNNDY DTIND (MO ¥AY) 212PY NAYW NINN
.0NY PN TN NN

7999599303
Ken-Tor, R., Agnon, A., Enzel, Y., Marco, S., Negendank, J.F.W., and Stein,
M., 2001, High-resolution geological record of historic earthquakes in the
Dead Sea basin: J. Geophys. Res., v. 106, p. 2221-2234.
Marco, S., and Agnon, A., 1995, Prehistoric earthquake deformations near
Masada, Dead Sea graben: Geology, v. 23, p. 695-698.
Marco, S., and Agnon, A., 2003, Repeated earthquake faulting revealed by
high-resolution stratigraphy: Tectonophysics, v. (in press).
Marco, S., Stein, M., Agnon, A., and Ron, H., 1996, Long term earthquake
clustering: a 50,000 year paleoseismic record in the Dead Sea Graben: J.
Geophys. Res., v. 101, p. 6179-6192

77



73 99N 5 990

DYPNYNN PISNY NN ,NYNN B PN DININD DIPTO NIIYN
L1927 YW ANTRD HTYIY SIWON YD)

1891 22y

97803 DYV 4 712 JNY 'ND

Nan

YOPA DOPAYN PIND MDY IND RPN DIPTO NIIWN NNZINN 2002 MY DY IV NdXNNNA
PINND 5PN ,YOIPN JPIND NOWN) NIIWNN .OITI 99D DNI IMNX) NN NP PV
18861131 8.3 7YY 19311267 8.0 1P 15-2 TNND DPNYNN

YNNN DMV DXPRIYI .DMIVN MIND TY OXTTIA DIVNN : DY DIINNI DIYNNI DIPTON

qPOY2 PRI NYOIND .INM VN TYY DITTIA DIVXOVID DY AN /N 3 N AN T VN

: (DY NONN) DINAN MMIPNN D20

19321269 .8.3

18971175 8.3 7Y 19061196 ¥.)0

18861131 .37y 18871140 ¥.00

7MY 1) 0.8 -2 1M /N 2 N NP IPMIYY PON PINY PTO NOINN 193071263 .8.) NI

TIND TUNI XIN 2WN-NITD DY PTO DY NP ,D1IT-NIY ANPNN DINIY DIPTON INUD

21 30 -N NP

D> PN HY GNDY HN) PPITN : INRND DX NMNIAN YOON MTN YNV IPOYa DWNIN DXPTON

-3 5Y N2N12 YOU NIMOY DMIXPN DIPNYNN PIND YOI (19311267 ¥.3D TiNDA 1) NONN

(2299 109V 1PXN MTIPI INYA 19I) PN NI HYN 90N 100

ONY TIMDA YINIDOND , DY DT DXOD HY D27 DAY DIND DOPTON MM TIND

DXTPIY) OINN 29-DY NNHOYYA DY DMYND DIXI) DNANN 12NY DWODNN POHN 51T NIV

,DXMV) N M 4 PRIV NN NNDINND DXPTON NIWN DY MTTH NP TIND .OVINNNY

W22 28D POLINIV YOO DIDPY

NN D90 NN DOPTON NIIWHY DITYNN DNINDOD 190N INKNDI NIAN AN DY TIY P02

SPYNT PNTR YYD NITY

DI¥N DMIANI 79Y2 DPTON IDID DNAY DITTIAN DIYVP ,INNDI XY PTY DIPTON N

DIWNN TPV GND .DOPNYNIN PINNND DIXTINY DY DIXY DY DYPTON vION2
DR POPON DN WD DY IVI9N DIPNI PTON NN RPN WYIN INDY DNYAI
.DXNIND DPTON IINWI DINND MNMPNI

.1V DXNINN DOPN DN DMV DINI) DXPTON NAIPA DA DXWHD MY A

PYSN DN NYTY - VVLIVNND DXTNY DN DXANPN OPN DXPTON N2AIPA 027 OYOD L)
YN YV

78



NI NNTR NTYI TONNA NYIRY NLWN M9 NYIANY MV NIXRIIN DD DN DXMNIN DXPTON
INNAND OM,1927 DY NTYID MNVYP MDY MYNNNIY MIYIR NPT INNKI NYNINIY
MINITN IPON NNDINNY NYDN DXDVIN NIVH ,NNT DY TN .WYIN TP TINDA RN D35
POV MIAPN NPAYN IPY DX .DTIP TIND AN DNYTP MDY DY NPYN PYTPON P DY
D) , NN D55 ,012),0°25V 19012 DY (DXPNYNN PINN DY OURIN 12WN IR DI NINY)

1927 SV N IRN DY TONNA

s MININ MWN WY IPNNN DY DINIAN DX2AOVA

DMOONVPIVDN TIINND WIAPN POTHI NNHNN DNNN DXPTON NN .1
LDNNINMINDM

NANHN NONN O PN DY DIPNYIN PINND THINRD NMIMT PITO MYNN DY TN vy .2
JPNONN NTIIYA IMNXY IR DT

MN DY DOPNYNN PINND TNND NN MIMNRY PITON NMDIWNID 19T NNON YA n .3
NIN 25V .DOPNYNN PISH TIND PITON NIYOIN HY TININMD TIND 987 OvaY
SMIRD PO TN NPNVODIN NNTR NITOYI IYPNRD DINMN NIRND NN

9901 MINNH
PP HNIY 0111 DIPNYNN PINN MYHIINIY ©INMND DIPT0 NIV :1 MINH
(19061195 .\.3)

NANMN OON N2 ON AW NDNN DY AN NIAWN NININNNT I9Y TIT2 7INND YN
D19 DPTO N2 DONMY DYPNYNN PINND MDIIID NNNND) MNND N2 YO Ny WNII
MY MITITH DMNAN D1NONN NLYN N9 NN DMWY DXPTON DT -NAN YD oA
PINNN M NAVYNIN NNYTP VIMZINP DTN’ 1) DIPNYNN PINNND NITIVD

219 30-5 720171 71 300-2 PYTION YA 12W DLW Y TIN

.(1886/1137 .§.3) 910 HN1Y 1NASN NI DININD DIPTD NIIYN 12 NINN

29y 18871135 .8.32 YWNIN ¥OAINN HNINND YTTIN WD NN D> WIAIN MINND NYIIN
MO 027 DXPTO INNA .NONN D ¥ HYN N 80 -1 NRXNIN 9N OX DIYN NHyN DY
DYPTON .(3 -1 2 NMINN) DY DIPTY DIV NI MVP NN 197 (1 HNIN) DIIT-NON YHHD
YTIND DYPNYNN PINND DY NNNNN IPON IR NTOIND IMITP LIMYINP NN DD
YN OWHON DY NPV VTYN .TIIDN PINNN D IVVINNNY YO DY DXV DINRI DXPTON

YOINN DY PYNN 9NN DY

79



2198 PHN— 990N Nan

TN TN

A
5

1 e




.DYVT-1ON 12 MIND PTO .1 NN

81



%
S

.IYNN NI DOV DXV L3 NN .PTO TIND NNNONNY NIYN .2 INNN

ININYP NAINY 091 /1 800 -3 DINND DIPTO YW NN :3 NIND
(19321269 .8.9)

MO DPTO OINI NN .NDNN DY WA T8 19351270 .8.32 NONN DY W10 NINNY NN
DT AN DOS

DYPTON NP HY H1ON TNRN .DXMN DXPTO ,ND TY 12 INYIY INP MNOND DIPHN I
1P 15 -99 yan

82



83



Excursion 6:
Makhtesh Hazera, Nahal Hazera And Lower Nahal Zin Valley:

Pleistocene History Of Development

Plakht, J., Sheinkman, V.

Ramon Science Center, Ben-Gurion University of the Negev, Mizpe Ramon.

Introduction

The study area occupies a territory west of the Dead Sea Rift valley. This mainly
mountain area was uplifted and folded into a series of monoclines. The crest of one of
them hosts Makhtesh Hazera. The rivers that drain the mountainous terrain into the
Dead Sea form steep canyons cutting into the Cretaceous limestone (Fig. 1).

A distinguishing feature of the significant part of this area is occurring of the Late
Pleistocene lacustrine sediments of Lisan Formation outside the Dead Sea basin.
These sediments denote the existence of the extensive lake that pre-dated the present
Dead Sea, the Lake Lisan, which was several times larger and its water level reaches
significantly higher altitudes compared to the Dead Sea (Neev, Emery, 1967; Begin et
al., 1974; Bowman, Gross, 1992; Niemi et al., 1997; Bartov et al., 2002). The highest
level was found in the Nahal Zin valley where top of the Lisan surface reaches even -
130- -140 m (Sheinkman et al., 2001; Plakht, Sheinkman, 2001).

As distinct from the deep lacustrine Lisan facies occupying the inner part of the Dead
Sea basin, which forms entirely of pure lacustrine facies, in the lower reaches of
Nahal Zin and Nahal Hazera these sediments intercalated with fluvial sediments. The
lake sediments are coarser here and include a high percentage of pebble and sand
fractions, along with fine sand and silt that are common in the lacustrine facies. This
sequence forms the highest terrace in the Zin valley, which can be traced all the way
to the deep basin area.

The present excursion addresses to the time-spatial evolutionary links among of the
different morphological units from Makhtesh Hazera till final base level in the Dead
Sea. For this aim each morphological chain of the study area will be characterized,
namely: 1) river net and relief structure in Makhtesh Hazera; 2) Nahal Hazera valley

outside Makhtesh Hazera, which is divided into two portions by the 30-35 m high
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Hazera waterfall; 3) Nahal Zin valley within the mountain region till the fault
escarpment, which is divided by the 16-m high waterfall; 4) Nahal Zin valley east of

the fault escarpment.

Methods

A Quaternary unit occupies a distinct position in the relief and, therefore,
morphostratigraphic scheme that aims an arrangement of landforms according to
relative age is crucial for reconstruction of the history of the relief. This scheme is
based on the analysis of sequences of fluvial terraces and pediments. Such method
permits correlation between close and remote terraces and pediments. Terraces are
classified according to the height above the riverbeds and they are numbered from the
lowest to the highest at their staircase.

Approximately 100 samples were collected and dated by the thermoluminescent (TL)
dating method applying mainly new experimental S-S technique (Shlukov et al., 1999;
Sheinkman, Shlukov, 2002), which operates with regional standards. As standards
(samples in the state of saturation by TL energy) sandstones of Hatira Fm. have been
used. Some of samples in the Makhtesh Hazera were previously dated using RTL
method (Plakht, 1999).

For environmental interpretation of pebble beds, the paleocurrent method was used
based on the statistical analysis of pebble orientation. The orientation of sediment
particles is controlled mainly by the medium of transport, the type of flow, and the
direction and velocity of currents (Reineck, Singh, 1980). Therefore this feature is an
important attribute of facial analysis. The orientation of pebbles was measured by
geological compass with an accuracy of 5°. Some 30 to 50 measurements were taken
at each sample point, which is sufficient for accurate results (Potter, Pettijohn, 1977,
Tucker, 1982). The measurements were grouped into classes of 22.5° and then plotted

on rose diagrams.
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Stop 1.

Quaternary units in Makhtesh Hazera

The area of Makhtesh Hazera is 30.6 km?, it is an almost circular shape (5x7 km).
Altitude ranges from 530 near the northern rim to 0 m near the outlet. Bedrock is
exposed on 22.9% of Makhtesh Hazera area.

The present-day river system forms a dendritic network. Stream channels and eight
terraces occupy 42% of Makhtesh Hazera (Fig. 2). Each terrace is characterized by a
distinct elevation above the stream channel: terrace | is located 3-4 m above the
channels, terrace Il — 5-6 m, terrace 111 — 9-11 m (RTL age is 54 - 66 Ka; TL age is
85.0£8.4 and 64.1+6.3 Ka), terrace IV — 13-15 m, terrace V — 18-20 m, terrace VI -
22.5-24 m (RTL age is 220 — 278 Ka; TL age is 158.9£17.8 and 112.1+11.3 Ka),
terrace VII — 26-31 m (more than 400 Ka) and terrace VIII — 35-38 m. Such an
uncertainty in the TL and RTL ages of terrace VI is probably a result of non-erasure
of residual TL memory in mineral-timers before their burial in the alluvium. Mainly
coarse (pebble and sand) fractions prevail in the composition of terraces. The
truncated surface of terrace V in the southern part of Makhtesh Hazera is covered by
tufa 4 m thick. According to uranium-series dating (Kronfeld, Livnat, 1997), the age
changes significantly within the single tufa body from section to section, and even
within each section from 40 to 119 Ka. The numerical age of this terrace in Makhtesh
Ramon (Plakht, 1996), as well as the RTL age of the higher VI terrace in Makhtesh
Hazera, and morphostratigraphic position of terrace V within the sequence allow us to
date this terrace to the Middle Pleistocene. Thus, a distinct disparity between RTL and
uranium-series data is observed.

Pediments occupy only 9.8% of Makhtesh Hazera. They are divided according to
their relative heights. A pediment and a fluvial terrace constitute a geomorphic pair
and therefore are regarded as chronologically synchronous morphological elements.
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Stop 2.
Nahal Hazera valley outside Makhtesh Hazera till the

Hazera waterfall

Along this portion of Nahal Hazera almost the same sequence of river terraces is
present as inside the makhtesh except for some highest terraces (Fig. 3). According to
TL dating (S-S technique), terraces Il (5-6 m) and 11l (9-11 m) are cut terraces (TL
ages from samples collected in the foot of 6 m terrace are calculated as 129.3+13.5
and 93.4+9.5 Ka, and the value 84.4+6.3 Ka was calculated from a sample in the foot
of 10 m terrace). The TL age of the alluvial cap of the highest 23 m terrace is
156.9+23 Ka that corresponds with the S-S ages of the same terrace in Makhtesh
Hazera (158.9+17.8 Ka and 112.1+11.3 Ka), but contradicts with their RTL ages.
Occurrence of the higher pediments allows us to reconstruct the missing elements in
the terrace sequence, namely highest terraces that have been eroded.

Stop 3.

Location of maximum ingression of Lake Lisan into Nahal Zin

The stop locates at the right (western) bank of Nahal Zin in the mouth of its small
tributary (coord. 1723/0374). The base of the terrace is at — 160 m altitude, and the
thickness of the section is 23 m. The composition of this section is typical. Alluvial
pebble unit, 8-9 m thick, occupies its lower part. It is overlain by finely horizontal-
bedded lacustrine laminated sand and silt, 5-6 m thick, which contain single laminas
of gypsum. The lacustrine sediments are covered by the interbedded layers of pebbles
and mainly medium sand. Preliminary results of the TL analysis show that this upper
pebble-sandy bed was formed about 20 Ka ago.

Stop 4.
Hazera waterfall (coord. 1731/0381)

The Hazera waterfall divides the Nahal Hazera valley into two portions, which
development differs significantly during the Late Pleistocene and Holocene (Fig. 4).

The upper surface of the waterfall having an altitude of -120 — 130 m and it denotes
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position of pre-Late Pleistocene denudation surface. At the foot of the waterfall two
cut terraces of 6 m and 10 m height occur. TL dates of the alluvium yield from
41.9+Ka to 58.9+5.0 Ka. Thus, the Hazera waterfall was formed before the second
half of the Late Pleistocene and since that time at least it serves as local base of

erosion for upper reaches of Nahal Hazera including Makhtesh Hazera.

Stop 5.

Lower reaches of Nahal Hazera

Nahal Hazera in its lower reaches exhibits sequences of five terraces. The lower
terraces 2 m, 6 m and 10 m consist of mainly pebble deposits alternating with thin
bands of sand (Fig.4). Terrace 16 m contains 4-5 m thick lacustrine sediments
overlying the pebble alluvium.

The Hazera section that represents the upper 28-32 m terrace is located in the Nahal
Hazera valley approximately 1 km upstream of the confluence with Nahal Zin (coord.
1734/0379). The base of the terrace is at — 165 m altitude, and the thickness of the
section is 32 m (Fig. 5). From the bottom upwards the section consists of several
units:

Unit | consists of pebbles (70-80%) including medium-size boulders, 8-9 m thick,
sub-horizontally-bedded, closely packed, well-rounded, with lenses and layers of
coarse and medium sand. TL ages range from 52.6£55 Ka to 44.8+3.4 Ka
(Sheinkman et al., 2001; Plakht, Sheinkman, 2001).

Unit 11 consists of pebbles (40-50%) "floating™ in the sandy matrix. It is 6-7 m thick,
sometimes sub-horizontally-bedded, with lenses and layers of mainly medium sand;
the pebbles are subrounded to very angular.

Unit I11. 1t is laminated lacustrine fine sand and silt, 5 m thick, with a single aragonite
layer and two thin horizontal (2-3 cm each) layers of small pebbles and grit. TL age is
30.4+2.0 Ka (Sheinkman, 2002; Sheinkman et al., 2001).

Unit IV. It consists of pebbles (40-50%), 4-5 m thick, in sandy matrix with thin layers
of coarse and medium sand, friable. The pebbles are subrounded to rounded.

Unit V. Pebbles (60-70%), in sandy matrix, with layers of coarse and medium sand,
6-7 m thick, sub-horizontally-bedded, well-packed, rounded.
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Paleocurrent analysis shows (Fig. 6) that the pebble deposits at the base of the section
were formed by stream directed from the west to the east (Fig. 6/1), which coincides
with the present-day river direction. The second pebble bed differs sharply from the
underlying bed (Fig. 6/11). The main paleocurrent direction is NNW. The thin pebble
layers within typical lake laminated fine sand and silt are characterized by the same
paleocurrent direction (Fig. 6/I11) as underlying pebble bed (NNW). The type of
paleocurrent direction of the pebble bed overlying the lake sediments is defined as
polymodal (Fig. 6/1V). The paleocurrent direction of the uppermost pebble bed is
from the west to the east (Fig. 6/V), which is not differ from directions of present-day

river and bottom bed.

Stop 6.

Zin waterfall and ancient Zin meander

Zin waterfall (coord. 1750/0376) is located 1.5 km downstream from the Nahal
Hazera mouth. Its base is at — 215 m altitude and its height is 16 m. The waterfall is
conjugated with the cut terrace of the same height (Fig 7). The origin of this waterfall
is connected with the particular features of the relief excavated after the Lake Lisan
regression.

The ancient meander with the section Zin-1 occurs at the left-hand board of the Zin
valley near the Zin waterfall. The altitude of the top of the section is — 160 - - 162.5
m, its thickness is 50 m. This section consists of four units (Fig. 5).

Unit I. Large and medium pebbles with sand bands, 16-17 m thick, sub-horizontal and
rarely cross-bedded. Pebbles are rounded to well-rounded, well-packed, including
boulders. Numerical TL ages range from 45+6.3 Ka to 58.4+Ka. A strong W-E
direction is characteristic for basal pebble unit (Fig. 8/1). This current direction
coincides with the present-day direction of Nahal Zin upstream of Zin waterfall.

Unit Il. Pebbly-sandy bed 13-14 m thick. The texture is very similar to the texture of
the second unit in the Hazera section, i.e. mainly subrounded particles, a significant
percentage of sand fractions. Two TL data range between 33.7+4.0 Ka and 35.7+4.0
Ka from the lower part of the bed. Compared to underlying pebble bed, paleocurrent
direction is N-S with some diversions to SW and SE sub-directions (Fig. 8/I1).
Practically, the same paleocurrent direction is observed in the pebble layers within

Lisan stratum (Fig. 8/111).
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Unit I11. Interbedded layers of lacustrine medium sand and laminated fine sand and
silts, 13-15 m thick. Sand layers are characterized mainly by horizontal bedding, with
small ripple- and cross bedding structures. The fine-grained layers contain rarely
laminas of aragonite and gypsum. A single layer 0.6-0.7 m thick of small and middle-
size pebbles occurs in the middle part of this bed. TL ages are available from this unit
progressively reduce upward from 31.7+5.0 Ka to 19.6+£2.0 Ka (Plakht et al., 2002).

Unit IV. A 5 m thick pebble bed overlies the top of the section. NNE paleocurrent

direction (Fig. 8/1V) coincides with direction of Nahal Zin downstream of Zin Falls.

Stop 7.
Nahal Zin at the boundary of the Dead Sea basin (coord. 1773/0372)

Leaving the mountain area, Nahal Zin cuts through the Lisan sediments. The section
of the Lisan Formation is composed of alternations of laminated typical lacustrine and
near-shore sediments (Fig. 9). Downstream the valley, the sequence of post-Lisan
cut-and-fill terraces occurs. All these terraces consist of two main units: lacustrine
base and overlying alluvial pebble-sandy bed. The development of these terraces
reflects intermittent regression of the lake basin. The absolute dating of the upper

alluvial bed will allow us to reconstruct the stages of the post-Lisan regression.
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