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    Abstract     This paper presents an updated summary of the history and shallow 
 structure of the Dead Sea transform (DST) and its plate tectonic context. The DST 
formed in the Early Miocene as a transform boundary between the Sinai and Arabian 
plates. The lateral offset was ca. 105 km near the Dead Sea. Since the DST trace is 
irregular in map view, the lateral motion led to formation of a 10–80 km wide defor-
mation zone along the plate junction. Thus, the structures along the DST can be inter-
preted within the framework of the Sinai-Arabia plate kinematics. South of ca. lat. 
33° transtension, which increased with time, led to variable oblique separation of the 
plate edges. This produced an almost continuous ca. 5–25 km wide depression whose 
structure is dominated by a string of pull-apart basins up to 15–20 km wide and up to 
ca. 12 km deep. The crystalline crust under the largest basins was appreciably thinned 
and may have been intruded by basalts. The structural pattern changed over time, the 
present pattern having been mostly established in the second half of the DST history. 
North of lat. ca. 33°N transpression dominates and the DST fl anks are strongly 
deformed by folding, faulting, and rotation of fault blocks on vertical axes, which 
together produce shortening perpendicular to the DST and also left lateral shearing of 
its fl anks, qualitatively compatible with the plate kinematic. The deformation can also 
account for the observed decrease of the lateral offset along the main fault line from 
ca. 100 km at ca. lat 33°N to 65–70 km at lat. 36°–36.5°N, and also leads to left lateral 
shearing along the continental margin near the Galilee and farther north. North of lat. 
36.5°N the DST now interacts with the Anatolian plate and the Cyprus arc. This 
resulted from a rearrangement of the plate confi guration in that region when west-
ward extrusion of Anatolia began and the East Anatolian Fault formed, but the details 
of the kinematic changes are  incompletely known. This change obscured the struc-
tural relations in this region during the early stages of the DST history.  
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5.1         Introduction 

 The Dead Sea transform (DST) (also called Dead Sea or Levant Fault Zone), is one 
of the new plate boundaries produced by the mid-Cenozoic breakup of the once con-
tinuous African-Arabian continent. It forms the NW boundary of the Arabian plate, 
extending from the Red Sea spreading center to the zone of plate convergence in 
southern Turkey, a distance of ca. 1,000 km (Fig.  5.1 ). It is dominated by left lateral 
motion, ca. 105 km along its southern half. On the west most of the DST is delimited 
by the Sinai (sub-) plate, but its northernmost part also interacted with the Cyprus 
arc. The lateral motion along the DST was combined with minor, laterally variable, 
transtension or transpression which produced a deformed belt along its trace.

   The DST attracted geologists already more than 150 years ago, and was 
 recognized as the northern branch of the rift system that extends along East Africa 
and farther north (Suess  1891 ; Gregory  1921 ). At fi rst the DST was interpreted as 
an extensional rift because parts of it are marked by valleys bordered by normal 
faults (Gregory  1921 ; Picard  1943 ). However, over time it was recognized that left-
lateral slip dominates along the DST, so it is a transform plate boundary (Dubertret 
 1932 ; Quennell  1959 ; Freund  1965 ; Wilson  1965 ), but the traditional terms “Dead 
Sea rift” or “Dead Sea fault” are still sometimes used. 

 The purpose of this work is to present an updated summary of the shallow 
 structure along the DST and how it is related to the lateral motion and to highlight 
important unsolved issues. Some other important topics are treated in companion 
papers in this volume.  

5.2     Regional Setting 

 The DST crosses a continental area that was shaped by the Neoproterozoic 
 Pan- African orogeny (Bentor  1985 ; Garfunkel  1988 ,  1999 ; Stern  1994 ). Later the 
region became a part of the stable North African-Arabian platform on which an 
extensive sediment cover accumulated in several depositional phases between Early 
Cambrian to mid-Cenozoic times (Picard  1943 ; Bender  1974 ; Brew et al.  2001a ; 
Garfunkel  1988 ; Guiraud et al.  2001 ). Rifting events in latest Paleozoic and early 
Mesozoic times (ca. 270 to ca. 170 Ma) produced the passive margins of Arabia and 
NE Africa, including the Levant basin margin and the adjacent east Mediterranean 
basin (Bein and Gvirtzman  1977 ;    Garfunkel and Derin  1984 ; Garfunkel  1998 ; 
Garfunkel and Ban Avraham  2001    ; Gardosh et al.  2010 ). Early Cretaceous intraplate 
igneous activity and uplifting occurred in the area crossed by the future DST 
(Garfunkel  1989 ; Segev  2009 ), but later there was hardly any igneous activity until 
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  Fig. 5.1    The DST and its 
regional setting ( inset ).  EAFZ  
East Anatolian fault zone, 
 K.-LK Basin  Kinnarot-Lake 
Kinneret Basin,  KS  Korazim 
saddle,  RF  Roum fault,  SF  
Serghaya fault,  YV  Yizreel 
valley. Only main volcanic 
fi eld is shown       
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the DST formed. In the Late Cretaceous plate convergence began along the junction 
of the Arabian platform and the adjacent basins with the Alpine orogenic belt (Şengör 
and Yilmaz  1981 ; Le Pichon et al.  1988 ; Yilmaz  1993 ) and the Syrian arc compres-
sional structures formed on the platform next to parts of the future DST (Fig.  5.1 , 
Garfunkel  1988 ; Brew et al.  2001a ; Guiraud et al.  2001 ). This deformation ended 
when the DST formed. The DST cuts across all the older structures and its formation 
and development were accompanied by regional-scale uplifting and volcanism.  

5.3         The Kinematic Framework 

 The DST is a prominent geologic discontinuity: the rock sequences and structures 
facing each other on its two sides are quite different. This is considered to be a result 
of a left lateral offset of ca. 100 km because its restoration matches all known geo-
logic features across the southern DST, as far north as southernmost Lebanon 
(Quennell  1959 ; Freund  1965 ; Freund et al.  1970 ; Druckman  1974 ; Bandel  1981 ; 
Bandel and Khouri  1981 ; Segev  1984 ; Sneh and Weinberger  2003 ). The matched 
features include basement rocks, the facies belts and isopachs of the entire Cambrian 
to Late Cretaceous sedimentary cover, the lines along which the regional Early 
Cretaceous erosion truncated older stratigraphic units, as well as the narrow linea-
ments (belts of faulting and strong folding) of the Central Negev-Sinai shear belt 
(southern part of the Syrian arc, Fig.  5.1 ). The latter trend at large angles to the DST, 
so their matching gives the best estimate of the offset along the DST – ca. 105 km in 
the Dead Sea area (Fig.  5.1 , Quennell  1959 ; Bartov  1974 ; Garfunkel  1981 ). The pat-
terns of magnetic anomalies in Jordan and Israel are also displaced ca. 105 km 
(Hatcher et al.  1981 ). Shaliv ( 1991 ) noted that the Yizreel Valley could be matched 
with the Sirhan depression (Fig.  5.1 ). However, while the latter subsided markedly 
in the Late Cretaceous (Basha  1982 ), activity of that age along the Yizreel Valley was 
not documented. They should have connected beneath the volcanics of the Golan 
Heights, but such a connecting structure was not observed (Shulman et al.  2004 ; 
Meiler et al.  2011 ), so the signifi cance of this correlation requires further study. 

 Farther north in Lebanon the DST marks a discontinuity between the 
 mid- Cretaceous carbonate series on its two sides (Saint-Marc  1974 ; Walley  1998 ), 
but an offset marker – the front of ophiolite and related nappes – is known still far-
ther north, near the Syria-Turkey border (Fig.  5.1 ). These nappes were thrust over 
the Arabian platform in the Late Cretaceous, and now are intercalated between 
within the sedimentary section (Ponikarov  1964 ; Ponikarov et al.  1969 ; Kopp and 
Leonov  2000 ). Their absence in the section 3–10 km SE of their exposures tightly 
constrains the end-Cretaceous position of their front (it may have been defi ned by a 
fault zone: Ponikarov et al.  1969 , Figs.  5.1  and  5.6 ). Matching the ophiolite nappe 
front across the DST reveals a left lateral offset of 65–70 km (Freund et al.  1970 ; 
Al-Maleh et al.  1992 ; Westaway ( 2003 ) favored an offset of 55 km). This is sup-
ported by the distribution of Early Miocene marine beds fi lling a depression SE of 
the ophiolite nappes (Ponikarov  1964 ; Ponikarov et al.  1969 ; Krasheninnikov  2005 , 
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see  5.3 ,  5.5.2.3 ). An offset of only 20–25 km, as suggested by Trifonov et al. ( 1991 ) 
is unlikely, because when restored this leaves notable bend of the original nappe 
front where it crossed the future DST. The difference between this estimate and the 
offset farther south will be discussed below see ( 5.5.2.4 )   . 

 The motion along the DST is independently constrained by the regional plate 
kinematics because it takes up most of the Africa-Arabia plate separation, i.e. the 
Red Sea opening (Dubertret  1932 ; Freund  1965 ,  1970 ; McKenzie et al.  1970 ; 
Le Pichon et al.  1973 ). Taking into account the relatively small opening of the Suez 
rift and the stretching of the Red Sea margins, a left-lateral offset of 100–110 km is 
inferred along the DST, i.e. the Sinai-Arabia plate boundary (Freund  1970 ; Joffe 
and Garfunkel  1987 ). Within error, this is the same as the offset deduced from the 
geology along the southern half of the DST, though the geometry of the Red Sea 
opening is deduced from completely independent data. The Sinai-Arabia Euler pole 
of the motion of these plates, i.e. the DST motion, is estimated to be located in NE 
Libya or the nearby part of the Mediterranean (Quennell  1959 ; Freund  1970 ; 
Garfunkel  1981 ). Such a position of the Sinai-Arabia pole implies transtension 
along the south of the DST and transpression along its northern part (Fig.  5.1 ). This 
pole is close to the Arabia-Africa Euler pole (i.e. the Red Sea opening) because 
these motions are similar. Integration of all these constraints allows to derive well 
constrained plate kinematic models (e.g. Joffe and Garfunkel  1987 ; Le Pichon and 
Gaulier  1988 ; and see Sect.  5.4 ).  

5.4            The Chronological Framework – The History of Motion 

 Several observations constrain the history of motion along the DST. It postdates the 
ca. 20–24 Ma old swarm of Red Sea dikes, as the northern dikes experienced the 
entire lateral offset (Fig.  5.3 , Eyal et al.  1981 ; Steinitz et al.  1981 ; Steinitz and 
Bartov  1991 ). The ages of the oldest fi lls of basins along the DST also constrain the 
time of the beginning of the motion, because the basins resulted from the lateral 
motion (Garfunkel  1981 ; Garfunkel and Ben-Avraham  2001 , see Sect.  5.5 ). 
Drillholes in the Dead Sea basin reached palynologically dated Early Miocene sec-
tions (Horowitz  1987 ) that are considerably thicker than coeval sections (Hazeva 
Formation) on the western basin fl ank, indicating that the basin existed already at 
that time (Garfunkel and Ben-Avraham  1996 ,  2001 ). Near Tiberias basalt fl ows with 
K-Ar ages of 17 ± 3 Ma to ca. 15.5 Ma occur in the middle of the sediment fi ll of a 
small marginal basin (Tiberias sub-basin), while ca. 20 km farther south its entire 
fi ll consists of basalts, the oldest ones having K-Ar ages of ca. 15.5 Ma (Shaliv 
 1991 ). The nearby 4.25 km deep Zemah 1 well (Z in Fig.  5.5 , just south of Lake 
Kinneret) in the main basin along the DST bottomed in Middle Miocene beds 
(Horowitz  1987 ) which are >1 km above the base of the ca. 5 km thick fi ll (Ben- 
Avraham et al.  1996 ). Thus, in this area basins formed already at the beginning of 
the Middle Miocene or somewhat earlier. Moreover, this part of the DST was a 
structural boundary already at that time, because in the area that originally was 
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located east of it no basin formed and volcanism was very restricted (Garfunkel 
 1989 ; Weinberger et al.  2003 ), and the early faulting west of the DST did not extend 
east of it (see below). Evidence from the Sinai triple junction, at the south of the 
DST, also indicates its early Miocene activity (see Sect.  5.5.1.1 ). 

 Along the northern part of the DST marine Early Miocene sediments are 
 preserved in a depression SE of the ophiolite nappes (Ponikarov  1964 ; Ponikarov 
et al.  1969 ; Kopp and Leonov  2000 ; Krasheninnikov  2005 ; Hardenberg and 
Robertson  2007 ). These works show that west of the DST the Nahr el-Kebir 
(Latakiye) depression (Figs.  5.1  and  5.6 ) formed in the Aquitanian, shortly before 
initiation of the DST in the south, and was accentuated as a graben in the Middle 
Miocene. In its SW part ca. 1.7 km thick marine sediments accumulated by the end 
of the Miocene (may be less farther NE). Restoring the DST offset as estimated 
above aligns these beds with an area east of the DST where Early Miocene sections 
reach a combined thickness of ca. 0.7 km, which most likely record the eastward 
extension of the depression west of the DST. Here a Middle Miocene graben is not 
apparent, but the sediments of this age are folded on NE-SW trending axes, while 
west of the DST such folds are absent. These features show that here the two sides 
of DST were deformed differently, which suggests that it was active and formed a 
structural discontinuity already in the Middle Miocene. 

 These lines of evidence constrain the beginning of lateral motion along DST to 
between 20 Ma and ca. 17–16 Ma ago. This is considerably younger than the ini-
tial breakaway of Arabia from Africa along the Red Sea-Suez rift line, but is close 
to the time when faulting along the Suez rift was reduced, seafl oor spreading 
began in the Gulf of Aden, and the Arabia-Africa plate separation accelerated 
(Garfunkel and Bartov  1977 ; Bosworth  2005 ; Garfunkel and Beyth  2006 , and ref-
erences therein). These events are interpreted to show that at that time most of 
Arabia-Africa motion north of the Red Sea was transferred to the DST. Avni et al. 
( 2012 ) raised the possibility that earlier faulting without lateral offset occurred 
along the DST, based on analysis of ancient landscape. Though quite possible, this 
requires further study. 

 During the very early stage of the DST lateral motion some right lateral motion 
may have continued on the Central Negev-Sinai shear belt lineaments (Fig.  5.1 , 
Calvo  2002 ), but the interaction between these structures and the DST requires fur-
ther study. However, they need not have obstructed each other, similar to the present 
situation in southern California where active transverse faults meet the San Andreas 
Fault (Jennings  1973 ). 

 Another constraint on the DST slip history is provided by magnetic anomalies 
that record seafl oor spreading, i.e. Africa-Arabia plate separation, since 5–3 Ma ago 
in the southern and central Red Sea (Roeser  1975 ; Chu and Gordon  1998 ). With 
plausible Euler poles for the Red Sea opening this translates to 40 ± 2 km of oblique 
opening near its northern end. Opening of the Suez rift in the last 5 Ma may have 
taken up ca. 5 km, leaving a lateral slip of about 33–37 km (average rate of 6.5–7 mm/
year) along the DST, which is 30–35 % of the total offset. Thus the Miocene motion 
amounted to ca. 2/3 of the total lateral DST offset. 
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 GPS studies of the present plate motions (Reilinger et al.  2006 ; Le Beon et al. 
 2008 ; ArRajehi et al.  2010 ; Le Pichon and Kreemer  2010 ; Al Tarazi et al.  2011 ; 
Reilinger and McClusky  2011 ) found a slip rate of ca. 4.0 to 5.5 mm/year along the 
DST, compatible with the slip rates indicated by up 50–100 kyr old markers 
(Garfunkel  2011 ), but they do not resolve well the much smaller transverse compo-
nent of motion. These results suggest that the present slip is slower than the average 
rate in the last 5 Ma. Alchalbi et al. ( 2010 ) found a slip rate of 1.8–3.3 mm/year in 
NW Syria, slower than found in previous studies, but compatible with the evidence 
that there the total offset was less than farther south. 

 The constraint from the southern Red Sea provides a datum that can be used for 
dividing the Sinai-Arabia plate motion into two periods – before and after 5 Ma 
ago (Garfunkel  1981 ; Joffe and Garfunkel  1987 ). This does not imply a  discontinuity 
in motion (as suggested e.g. by Hempton  1987 ), which is contradicted by the evi-
dence from the Gulf of Aden and the Red Sea showing that plate motions were 
continuous and quite uniform (Le Pichon and Gaulier  1988 ; Garfunkel and Beyth 
 2006  and references therein). Nor does it imply a sudden change of motion at that 
time or that plate motions were uniform in the two periods. The major young struc-
tures along the southern half of the DST (fl anked by rigid plates) existed for some 
time (see Sect.  5.5.1 ) so they can be used to constrain the geometry of motion dur-
ing the younger period. Combining their geometry with the above constraint on the 
amount of motion, allows estimating the entire motion during the last 5 Ma as ca. 
1.45° about an Euler pole at 32.8°N, 22.6°E (uncertainty ca. 1°). However, using 
this pole to reconstruct the total DST motion would produce overlaps of the plate 
edges, which indicates that the pole position changed. The total pre-5 Ma motion 
is estimated as ca. 2.7° about a pole located some 4° farther west, which involves 
a change in the direction of motion of up to ca. 10° along the southern DST (Joffe 
and Garfunkel  1987 ). The GPS data seem to imply a continuing eastward shift of 
the Euler pole and a slight slowing of the slip rate. Reilinger et al. ( 2006 ) suggested 
a present day Euler pole at 32.8°N, 28.4°E (± ca. 3.5 °) for the DST, but this leads 
(given the Red Sea opening) to problematic inferences regarding the Suez rift 
(Garfunkel  2011 ). Westaway ( 2003 ) proposed an Euler pole at 31.1°N, 26.7°E, and 
a motion rate of 0.434°/Ma. This implies a northward increasing slip rate, in con-
fl ict with the GPS data (Reilinger et al.  2006 ; Reilinger and McClusky  2011 ; 
Alchalbi et al.  2010 ), so this model needs revision. 

 Le Pichon and Kreemer ( 2010 ) analyzed the GPS data of the Eastern Mediterranean 
region. Their results are compatible with the above estimates, though they do not 
resolve the present Africa-Sinai motion. Most important, their results and those of    
(Reilinger et al.  2006 ) reveal an overall rotation of the region surrounding the DST 
relative to Europe about an Euler pole at the north of the Nile Delta. This profound 
insight has important implications regarding the regional plate motions, but since 
this applies to a scale this is outside the scope of the present work. 

 In summary, the foregoing account shows that the plate kinematic setting of the 
DST, known is general outline, provides a framework of integrating data from its 
various parts, but refi nement of the present models is still desirable.  
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5.5      Shallow Structure of the Dead Sea Transform 

 The DST is not a perfect small circle in map view, so its lateral motion inevitably 
produces misfi ts between the edges of the bordering plates, which cause local 
 transtension or transpression (Figs.  5.1  and  5.2 , Quennell  1959 ; Garfunkel  1981 ). 
This produces a variety of secondary structures, similar to those found along other 
major strike slip fault zones (Crowell  1974 ; Mann et al.  1983 ; Şengör et al.  1985 ; 
Harding et al.  1985 ). Transtension arises where the major strike slip fault line bends 
or steps in the same sense as the fault slip (releasing bend). This produces rhombic 
depressions –  pull- apart basins (rhomb grabens) – that grow by becoming longer, so 
their length cannot be less than the lateral offset during their development (Fig.  5.2a ). 
Thus, when the slip rate is known, the lengths of pull-apart basins put constraints on 
their ages. Their growth also increases the area enclosed by the bordering plates 
(Fig.  5.2b ). Where major strike slip faults bend or step opposite to the sense of slip 
(restraining bends), transpression arises, which will produce folds, thrusts, or horsts. 
Such secondary structures appear all along the DST. The larger secondary structures 
are well over 10 km long and thus developed over several million years, so the pat-
tern of major faults delimiting them must have persisted over these time intervals. 
The major faults are actually zones of much fracturing, several hundred meters 
wide, and along them much shorter structures (1 km to tens of meters long) are 
developed. Their small size suggests growth in short periods, probably much shorter 

  Fig. 5.2    Secondary structures along the DST. ( a ) conditions for transtension and transpression.; 
( b ) Increase in are during pull-apart formation. ( c ) structural relations along southern (transten-
sional) part of DST (See text for discussion)       
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than 1 Ma, which points at rearrangement of the fractures on which the slip along 
the fault zones occurred at any given time.

   In what follows only the larger secondary structures will be examined. Because 
of the position Euler pole of the DST, transtension or transpression dominate along 
its southern and northern parts, respectively (Fig.  5.1 ), so they will be treated 
separately. 

5.5.1       Southern Part of the Dead Sea Transform 

 This part of the DST, south of Lebanon, is mostly marked by a prominent 5–20 km 
wide valley (transform valley), mostly with uplifted fl anks, in which all or most of 
the lateral motion takes place. The valley fl oor is largely covered by very young 
sediments, so the deeper structure is inferred from drilling and geophysical data. 
Along the valley the most conspicuous structures are longitudinal faults of two 
types (Garfunkel  1981 ; Garfunkel and Ben-Avraham  2001 , Fig.  5.2c ): (a) normal 
faults that extend along most of the valley margins, and (b) left stepping strike slip 
or oblique slip faults within the valley that delimit a string of pull-apart basins. Also 
present are faults extending across the transform valley. Recent reviews (Ben- 
Avraham et al.  2008 ,  2012 ) summarize many geophysical data along this part of the 
DST, focusing on the subsurface. Below is an updated review of the structure in the 
upper crust integrating a wider set of geological and subsurface data and relating it 
to the lateral offset. 

5.5.1.1      The Sinai Triple Junction Area 

 The southernmost part of the DST is now marked by the ca. 30 km long Hume 
Deep pull-apart basin (Fig.  5.3a , Ben-Avraham et al.  1979 ). It is separated from the 
Gulf of Elat (‘Aqaba) by the Tiran strait saddle formed by transpression, east of 
which reef terraces on the Tiran Island, probably <2 Ma old, were uplifted up to ca. 
500 m above sea level (Garfunkel  1981 ; Goldberg and Beyth  1991 ). In the SW the 
NNE-SSW trending DST structures are cut off near the northern extremity of the 
Red Sea axial depression by the NW-SE trending faults that characterize the entire 
width of the Red Sea basin and the Suez rift (Cochran  1983 ,  2005 ; Garfunkel  1987 ; 
Gaulier et al.  1988 ; Mart and Hall  1984 ). Moreover, while the Bouguer anomaly 
over the Hume Deep pull-apart is strongly negative, like over the other pull-apart 
basins along the DST, a positive Bouguer anomaly characterizes the Red Sea basin 
(Ben-Avraham et al.  1979 ; Ben-Avraham  1985 ; Cochran  2005 ). This refl ects the 
transition to a crust that was shaped by plate separation rather than in a strike-slip 
regime.

   The early stages of the DST history in this area are recorded by the very early and 
younger Miocene marine sediments, 0.5–1 km thick known in Midyan and on the 
southern tip of Sinai (Fig.  5.3a , Dullo et al.  1983 ; Garfunkel  1987 ; Cole et al.  1995 ; 
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Hughes et al.  1999 ). These beds cover the southern ends of belts of strike-slip faults 
along the two sides of the Gulf of Elat that were active in the Miocene (further 
 discussed in Sect.  5.5.1.2 ), and fi ll a depression in Midyan. Restoration of the lateral 
motion (Fig.  5.3c ) eliminates the Gulf of Elat (between these fault belts) and also 
aligns the uplifted edges of Sinai and NW Arabia, which shows that before forma-
tion of the DST they formed a continuous fault-controlled margin of the very young 
Red Sea-Suez basin. When the DST formed this margin was breached by a ca. 
50 km wide belt of NNE-SSW trending strike slip faults. The above mentioned 
Miocene beds formed in a marine embayment over the southern part of this belt, so 
their age constrains the inception of the DST to the Early Miocene. The most sub-
siding area in Midyan (up to >2 km of sediments) was located 20–30 km east of the 
break that developed into the Gulf of Elat, but it did not extend much to the north. 
The later history of these features is treated below (Sect.  5.5.1.2 ).  

  Fig. 5.3    The southern part of the DST. ( a ) present situation. ( b ): reconstruction of 40 km lateral 
offset (close to end Miocene). ( c ) Reconstruction of the entire transform offset. Abbreviations:  QF  
el Quweira faults,  ZF  Zofar fault       
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5.5.1.2       The Gulf of Elat (‘Aqaba) Segment 

 This segment comprises the ca. 180 km long depression under the Gulf and also the 
fault belts along its uplifted margins (Fig.  5.3a ). The faults in these belts displace 
left laterally the ca. 20 Ma old Red Sea dikes, proving that they belong to the DST 
system (Eyal et al.  1981 ). Lateral offsets of individual faults range from ca. 1 km to 
>10 km (Eyal et al.  1981 ); the largest offset, ca. 20 km, probably occurred on the 
Al-Quweira Fault in SW Jordan (Segev  1984 ). The total offset reached 40–50 km. 
Pre-transform sediments and continental Miocene beds are preserved in small pull- 
aparts along these faults, which proves that faulting occurred before the sediment 
cover was eroded from the higher standing areas next to these depressions. On the 
other hand, strike slip faults that extend to the Gulf are truncated by normal faults 
along its coast, while inland some faults are truncated by an erosion surface or over-
stepped by (undated) continental sediments. In Midyan the younger Miocene beds 
are not visibly displaced by the marginal strike-slip faults. These features indicate 
that the strike slip faults along the Gulf fl anks were active early in the DST history 
and then the lateral motion was distributed in a wide zone, but later (late in the 
Miocene?) they became inactive and the lateral motion was concentrated along the 
depression occupied by the Gulf of Elat (‘Aqaba). 

 The Gulf is delimited on both sides by active normal faults that extend close to 
its coasts (not shown on Fig.  5.3a  for clarity). Within the Gulf three large  pull- aparts, 
well expressed in the bathymetry, are developed between major longitudinal left-
stepping strike slip faults (Fig.  5.3a , Ben-Avraham et al.  1979 ; Ben-Avraham and 
Garfunkel  1986 ; Ben-Avraham et al.  2008 ,  2012 ). The upper ca. 1 km of the sedi-
ment fi ll, imaged by seismic refl ection, records continuing, downward increasing, 
syn-depositional deformation (tilting, faulting, and in the south also arching), but as 
the age of the sediments is not constrained, detailed interpretation of the deforma-
tion history (e.g. Ehrhardt et al.  2005 ) are very doubtful. Several narrow ridges in 
the southern pull-apart may express diapirs of Miocene evaporites (Ben- Avraham 
et al.  1979 ) that probably formed next to the Miocene low of Midyan. 

 Given the lateral offset accommodated in the marginal shear zones, the lateral 
offset within the Gulf hardly amounted to ca. 2/3 of the total offset. The lengths of 
the pull-aparts (ca. 40 km, 35 km and 60 km, from north to south) show that they 
could accommodate only a part of the total DST offset (see Fig.  5.2 ). This suggests 
that they formed some time after initiation of the DST, which is supported by recon-
struction of part of the motion (Fig.  5.3b ). A negative Bouguer anomaly, up to ca. 
−100 mgal over the pull-aparts (Ben-Avraham  1985 ), indicates ≥5 km thick sedi-
ment fi lls. However, the negative anomaly extends also over the relatively shallow 
part of the Gulf west of the southern pull-apart, indicating that a thick sediment fi ll 
exists beneath this area as well. This is interpreted as showing that this area was part 
of a subsiding pull-apart earlier in the evolution of the Gulf, which is supported by 
the reconstruction of part of the motion (Fig.  5.3b ). 

 Thus, initially the lateral motion along the southernmost part of the DST was 
distributed over a wide belt of closely spaced strike slip faults that extended in the 
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north to the central Negev-Sinai shear belt (Fig  5.3c ). Later, in the late Miocene 
(?), lateral motion became concentrated in the middle of this belt where the Gulf 
of Elat depression developed, while the faults along its margins became inactive. 
As the active faults along the Gulf lead to transtension (Garfunkel  1981 ), which is 
not seen along the marginal strike slip fault zones, this history appears to express 
increasing separation of the fl anking plate edges along this part of the DST, which 
can be related to eastward shifting of the Sinai-Arabia Euler pole (Garfunkel  1981 , 
see Sect.  5.4 ).  

5.5.1.3    The Southern and Central Arava Valley (Wadi Araba) Segment 

 This segment extends from the Gulf of Elat to the Dead Sea basin (Fig.  5.3a , 
Garfunkel et al.  1981 ; Bartov  1994 ; Ten Brink et al.  1999 ; Frieslander  2000 ; Avni 
et al.  2000 ; Calvo  2002 ). In the south, it is separated from the onland northern end 
of the Gulf of Elat depression by a weakly transpressional structural saddle that is 
crossed obliquely by the Evrona Fault. North of it the little studied Yaalon basin 
pull-apart, marked by a ca. 60 km long negative gravity anomaly, is developed 
between the left stepping Evrona Fault and Arava Fault (Fig.  5.3a ). Its southern half, 
5–6 km wide, is expressed by a land-locked depression that records continuing sub-
sidence. Farther north the basin narrows to 2–3 km and has no topographic 
 expression, so it is not clear whether it still subsides. The subsurface distribution of 
Cretaceous beds revealed by drilling in the middle part of the basin indicates a ca. 
40 km left lateral offset along its western border fault, so the rest of the lateral 
motion must have taken place farther east (Bartov  1994 ). 

 North of the Yaalon basin exposures of the pre-transform series of the western 
DST fl ank extend eastwards as far as the Arava Fault (Frieslander  2000 ), forming a 
ca. 20 km long structural saddle between the Yaalon basin and a ca. 8–9 km wide 
graben farther north that is delimited by the Arava Fault on the east and the Zofar 
Fault on the west (Fig.  5.3a , Bartov  1994 ; Bartov et al.  1998 ; Calvo  2002 ). This 
graben is fi lled by a few kilometers of Miocene continental beds (Hazeva Formation). 
Seismic data show that the pre-transform series beneath this fi ll, to a distance of at 
least 35 km north of the Yaalon basin, is the same as that of the western DST fl ank, 
but differs markedly from that exposed a short distance east of the Arava fault 
(Frieslander  2000 ; Ryberg et al.  2007 ). The juxtaposition of different sections 
across the Arava fault indicates a large lateral offset along this fault. 

 Originally the graben between the Arava and Zofar Faults extended to the north-
ern Arava. There it continued to subside and became a part of the Dead Sea basin, 
but its part south of the transverse Buwirida Fault ceased to subside and was tilted 
westward, probably during a phase of local transpression, exposing ca. 2 km of its 
Miocene fi ll (Fig.  5.3 , Bartov  1994 ; Calvo  2002 ). The age of this event is con-
strained to the late Miocene or somewhat later, as it postdates the eroded Miocene 
beds (Hazeva Formation) but predates the hardly disturbed unconformably overly-
ing Pliocene fl uviatile beds (Arava Conglomerate; Avni et al.  2000 ). A few other 
transpressional structures are developed in this area (Fig.  5.3b , Garfunkel et al. 
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 1981 ; Galli  1999 ). A related observation is that in (Early?) Pliocene times a stream 
originating in the eastern DST fl ank − the Edom river − fl owed across this part of 
the central Arava Valley and transported characteristic pebbles to the Negev (Ginat 
and Avni  1994 ), probably signifying a period of local uplift, due to transpression, of 
this part of the Arava Valley. 

 The tectonic situation changed in Late Pliocene-Quaternary times, leading to 
formation of the present topographic low position of the Arava Valley. This is evi-
denced by the development at that time of a series of NNE-SSW to N-S striking 
normal faults (sometimes with a minor left lateral component) in a ca. 30 km wide 
belt west of the northern Yaalon basin and of the more northern part of the Arava 
Valley (Fig.  5.3a , Avni et al.  1994 ). These faults are believed to record a young 
increase of transtension along the southern part of the DST, resulting from an east-
ward shift of the Euler pole, as discussed above (Sect.  5.4 ).  

5.5.1.4    The Dead Sea Pull-Apart Basin 

 The Dead Sea basin, ca. 150 km long, formed between the left stepping left lateral 
Arava Fault and Jericho Fault (Fig.  5.4 , Quennell  1959 ; Garfunkel  1981 ; Garfunkel 
and Ben-Avraham  1996 ,  2001 ; Ben-Avraham et al.  2008 ,  2012 ). It is topographi-
cally well expressed and is also outlined by a conspicuous negative Bouguer anom-
aly gravity which records the extent of the thick basin fi ll (Ten Brink et al.  1993 ). It 

  Fig. 5.4    The Dead Sea basin.  Top : Cross section along basin axis.  Bottom : main structural  features. 
 Li  Lisan Diapir,  Sd.  Mount Sedom diapir       
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is the longest pull-apart basin along the DST and the only one that is longer than its 
total lateral offset. The basin began to subside already in the Early Miocene 
(>16 Ma), as noted above (see  5.4 ). Data from outcrops and wells show that the 
basin fi ll comprises three divisions: Miocene silici-clastics (Hazeva Formation); lat-
est Miocene-early Pliocene evaporites, mainly halite (Sedom Formation); post-
evaporitic lacustrine and fl uvial sediments, mainly clastics (Kashai and Crocker 
 1987 ; Horowitz  1987 ; Gardosh et al.  1997 ; Garfunkel and Ben- Avraham  2001 ; and 
references therein).

   Available seismic refl ection and well data (Neev and Hall  1979 ; Kashai and 
Crocker  1987 ; Ten Brink and Ben-Avraham  1989 ; Garfunkel and Ben-Avraham 
 1996 ; Al-Zoubi and ten-Brink  2002 ; Larsen et al.  2002 ; Ginzburg et al.  2006 ; Ben-
Avraham et al.  2008 ,  2012 ) allow an updated interpretation of the basin structure 
(Fig.  5.4 ). They show that it is dominated by an 8–10 km wide central trough that 
formed between the extensions of the Arava and Jericho faults, in which the lateral 
motion takes place. It is separated from the uplifted and little deformed transform 
shoulders by marginal blocks, wider on the western side. Several transverse faults 
extend across the basin. The fi ll of the central trough thickens northward from a few 
km in the central Arava Valley to ca. 12 km near the transverse Amatzyahu Fault 
(Khunayzira Fault). Farther north, south of the Lisan diapir, the top of the basement 
is 13–14 km deep (Ginzburg and Ben-Avraham  1997 ). These fi gures are compatible 
with recent seismic refraction data (Ten Brink et al.  2006 ; Mechie et al.  2009 ; ten 
Brink and Flores  2012 ). North of the Amatzyahu Fault the base of the evaporite 
series is at a depth of 3–3.5 km and deepens to 6 km northward (Ginzburg et al. 
 2006 ). As here the pre-transform series is at most ca.3 km thick − its thickness on 
the adjacent western basin margin − the pre-evaporite Hazeva Formation is inferred 
to be 5–7 km thick. This is much more than in boreholes near the basin margins, 
implying great early subsidence of the central trough. 

 The evaporitic series is present only north of the Amatzyahu Fault (Khunayzira 
Fault) where post-Hazeva subsidence was greatest. It was deposited over a short time 
interval, perhaps no longer than 2–3 Ma (Zak  1967 ). The original thickness, probably 
reaching ca. 2 km, was modifi ed by the growth of the Sedom diapir, Lisan diapir, and 
smaller disapirs (Fig.  5.4 ). Superimposed on the northern part of this area is the box-
shaped depression now occupied by the waters of the Dead Sea, which defi nes the 
extent of the greatest young subsidence that could not yet be fi lled by sediments. 

 The available seismic refl ection profi les do not reveal much deformation of the 
basin fi ll. Broad roll-overs are seen north of the Shezaf Fault and Amatzyahu Fault 
(Khunayzira Fault) (Fig.  5.4b ), suggesting that these faults are listric, but this cannot 
be resolved from the published seismic data. Smaller scale deformation is not discern-
ible, though considerable deformation is expected beneath the basin (see Sect.  5.5.1.7 ). 

 The deep structure of the northern part of the basin, now under the waters of the 
Dead Sea, is hardly known. A seismic refraction line along its western side records 
a basement depth of 5.5–7 km (Ginzburg and Ben-Avraham  1997 ), but this probably 
represents the marginal blocks where the basement is expected to be 5–6 km deep 
according to the En Gadi 2 well (Fig.  5.4 ). The Bouguer anomaly over the central 
trough is much more negative than along the seismic profi le, suggesting a thicker fi ll 
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and thus a considerably deeper basement. On the other hand, 2–3 km north of the 
Dead Sea the basement is only ca. 3 km deep and shallows northward according to 
seismic and borehole data (Lazar et al.  2006 ; Al-Zoubi et al.  2007 ). How the base-
ment depth changes it is not known. The data from north of the Dead Sea further 
show that there the pre-transform sedimentary sequence of the eastern DST fl ank 
extends beneath the Jordan Valley as far west as the Jericho Fault. Moreover, farther 
south the magnetic anomaly of the eastern basin fl ank extends over the Dead Sea, 
whereas the anomalies of the western fl ank are truncated along the marginal step 
(Frieslander and Ben-Avraham  1989 ). This shows that the Jericho Fault accommo-
dated the entire lateral transform offset, and also that considerable lateral motion 
occurred on its southward continuation along the western side of the central trough, 
probably at least as far south as the site of strong deformation at ca. lat 31°16′ 
(shown as star in Fig.  5.4 , Bartov and Sagy  2004 ). 

 The growth of the Dead Sea basin was accompanied by igneous activity on its 
fl anks. Along the eastern margin 9–5 Ma old basalt fl ows and younger small vents 
and fl ows are present (Steinitz and Bartov  1991 ). West of its southern part a 6.4 Ma 
old dike and a nearby vent are present. In addition, a short-wavelength magnetic 
anomalies north of the Lisan diapir (Frieslander and Ben-Avraham  1989 ) most 
likely record small igneous bodies inside the basin.  

5.5.1.5    The Southern Jordan Valley 

 This little studied segment (Fig.  5.4 ) extends to ca. 70 km north of the Dead Sea 
where it narrows to < 4 km at the Bet Shean saddle. Its young fi ll is much thinner 
than in the Dead Sea according to gravity anomalies (Ten Brink et al.  1999 ). The 
southern part of the Jericho Fault, which extends along the valley fl oor, records 
transpression (Garfunkel  1981 ; Rotstein and Bartov  1989 ; Gardosh et al.  1990 ). Ca. 
25 km north of the Dead Sea the Zahrat el-Qurein (Grain Sabt) half dome next to the 
Jericho Fault (Fig.  5.4 ) exposes ca. 350 m of tilted Miocene (?) coarse clastics (base 
not seen), unconformably overlain by a basalt fl ow and by young Quaternary sedi-
ments (Bender  1974 ). The basalt records magma ascent along the DST trace. The 
margins of the southern Jordan Valley are controlled by normal faults. In the east 
they trend close to N-S, but in the west their trends are variable, and some branch 
into the western fl ank of the valley (Fig.  5.4 ).  

5.5.1.6     The Central and Northern Jordan Valley 

 This segment extends ca. 90 km north of the Bet Shean saddle to Lebanon. It 
 comprises the Kinnarot-Lake Kinneret (Sea of Galilee) basin (Kinnarot-LK basin) 
the Korazim saddle, and the Hula basin (Fig.  5.5 ). It differs from the more southern 
segments by its more complex structure, by the occurrence of much igneous activity 
both along the DST and on its fl anks, and by the considerable deformation of its 
western fl ank.
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  Fig. 5.5    The northern Jordan Valley and Lebanon segments of the DST.  AF  Almagor fault,  HB  
Hula Basin,  JF  Jordan Gorge fault,  Ko. Bl.  Korazim block (saddle),  L. Kin.  Lake Kinneret,  Kin. B.  
Kinnarot Basin,  R  Rosh Pina drillnole,  Rach. F.  Rachaya fault,  Ser. F.  Serghaya fault       

 

Z. Garfunkel



125

   Here the oldest exposed structure related to the DST is seen in a ca. 40 km long 
and up to 10 km wide low (also called the Tiberias sub-basin) on the western DST 
fl ank (Fig.  5.5 ). Its fi ll, up to 1 km thick, begins with 17–9 Ma old basalts (Lower 
Basalt) (see  5.4 ) interfi ngering with fl uviatile-lacustrine sediments (Hordos 
Formation), together 400–750 m thick, overlain by continental and some marine 
sediments and volcanics, with ca. 5.2–4.0 Ma old fl ows (Cover Basalt) forming the 
top of the series (Schulman  1962 ; Shaliv  1991 ; Heimann et al.  1996 ). 

 Nearby the ca. 50 km long Kinnarot-LK basin formed along the main strand of 
the DST, with a ca. 5 km thick fi ll south of Lake Kinneret according to gravity data 
(Ben-Avraham et al.  1996 ). The 4.25 km deep Zemah 1 well (Fig.  5.5 ; Marcus and 
Slager  1986 ; Mittlefehldt and Slager  1986 ; Horowitz  1987 ) bottomed in Middle 
Miocene conglomerates (with basalt clasts), overlain by sediments that include Late 
Miocene and early Pliocene evaporites (980 m), mainly halite, which formed when 
an arm of the Mediterranean reached the DST from the west, and extended south-
ward to the Dead Sea basin. The evaporites are intruded by gabbro sills (total thick-
ness ca. 1.1 km), and are overlain by Pliocene volcanics broadly coeval with the 
Cover Basalt. The occurrence of igneous rocks, more voluminous than on the basin 
fl anks, indicates preferential magma ascent along the DST. Seismic refl ection data 
and mapping show that after extrusion of the Pliocene basalts the basin fi ll south of 
Lake Kinneret was deformed into broad folds with amplitudes reaching 1 km, and 
the fold crests were much eroded (locally down to the cover basalt), before being 
covered by a thin veneer of very young sediments. The deformation is interpreted as 
resulting from a young phase of transpression (Rotstein et al.  1992 ; Heimann and 
Braun  2000 ). In addition, very tightly folded Early Pleistocene beds were revealed 
in excavations at the Ubeidiya prehistoric site (Picard and Baida  1966 ), but the 
young cover obscures the extent of this type of folding. 

 In contrast, the more northern part of the Kinnarot-LK basin beneath Lake 
Kinneret subsided up to 2 km and was faulted in post-Cover Basalt times (Fig.  5.5 , 
Ben-Avraham et al.  1996 ; Hurwitz et al.  2002 ; Reznikov et al.  2004 ). The main 
young structure is a graben, striking N-S, crossed by transverse faults, many of them 
ending up section. The part of the lake west of the graben is crossed by NW-SE 
striking faults that extend into the Galilee. 

 The Korazim saddle north of Lake Kinneret is separated from the basin under the 
lake by a major transverse fault zone (Fig.  5.5 , Hurwitz et al.  2002 ). This saddle is 
underlain by a high standing block of pre-transform rocks (revealed by drilling) that 
is covered by 50–300 m of Neogene sediments overlain by 5.0–3.5 Ma old Cover 
Basalt, which in the north are covered by still younger fl ows that erupted through 
the plateau (Fleischer  1968 ; Horowitz  1973 ; Belitzky  1987 ; Heimann and Ron 
 1993 ; Weinstein  2012 ). Thus here too the DST served as a preferred path for magma 
ascent. The Korazim saddle is strongly faulted, with the fault blocks having rotated 
11 ± 4° ccw on vertical axes according to paleomagnetic data (Heimann and Ron 
 1993 ). On the east the Jordan Gorge Fault zone (Fig.  5.5 , Garfunkel et al.  1981 ; 
Harash and Bar  1988 ) – the northward extension of the fault on the eastern side of 
the Kinnarot-LK basin – marks a prominent geologic discontinuity between the 
Korazim saddle and the Golan Heights (Michelson and Lipson-Benitah  1986 ). 
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Its straight trace and the lateral offset of historic and Holocene features (Ellenblum 
et al.  1998 ; Marco et al.  2005 ) show that this fault is the site of the ongoing lateral 
motion. Seismic refl ection data show that it dips westward, indicating local 
transpression (Rotstein and Bartov  1989 ). The Almagor Fault west of the Jordan 
Gorge Fault (Fig.  5.5 ) is not continuous, so it could not accommodate much lateral 
motion, but is probably also active. The western boundary of the Korazim saddle is 
obscured by the Cover Basalt, but a fault with an irregular trace extends along this 
contact (Belitzky  1987 ). However, a structural discontinuity between the strongly 
deformed saddle and the less faulted western transform fl ank must extend along this 
boundary. The absence of a through-going fracture suggests there is no young 
lateral motion along this fault. 

 The Kinnarot-LK basin is diffi cult to interpret as a pull-apart, because it is not 
obviously related to left stepping strike slip faults. A critical point is that the pre- 
transform section under the Korazim saddle, penetrated by the Rosh Pinna 1 borehole, 
is offset ca. 50 km left laterally relative to the western DST fl ank (Freund et al.  1970 ; 
Hurwitz et al.  2002 ). Thus during a substantial part of the DST history lateral motion 
occurred along the western side of the Korzaim saddle, so originally the Kinnarot-LK 
basin could have developed as a pull-apart basin between left stepping faults: one west 
of the Korazim saddle and the other along the east side of the basin, the latter having 
extended southward to the Bet Shean saddle. At some stage this tectonic setting 
changed, as now lateral motion is identifi able only along the eastern side of the 
Korazim saddle. The young transpression south of Lake Kinneret probably formed 
during the tectonic change. The very young deformation under Lake Kinneret is pro-
bably linked to the coeval deformation of the Galilee (Hurwitz et al.  2002 , see below). 

 The Hula basin, north of the Korazim saddle, formed between the left stepping 
Jordan Gorge fault and Yammouneh Fault, so it is interpreted as a pull-apart basin, 
(Fig.  5.5 ; Heimann and Ron  1993 ; Sneh and Weinberger  2003 ; Weinberger et al. 
 2009 ,  2011 ). The Notera 3 well (T.D. 2,781 m, Fig.  5.5 ) in the basin’s center crossed 
a fi ll of sediments and basalt fl ows. At ca. 2,340 m a ca. 4.3 Ma old fl ow overlies an 
8.8 ± 0.2 Ma old fl ow that, in turn, overlies red beds and interbedded basalts (base not 
reached) (Horowitz and Horowitz  1985 ; Heimann and Steinitz  1989 ). This shows that 
the present Hula basin subsided only since ca. 4.3 Ma ago, after a >4 Ma long period 
of no subsidence. Such a young age can be expected in view of its small length (ca. 
15 km). The pre-ca. 9 Ma series is ca.1 km thick according to gravity data (Rybakov 
et al.  2003 ). Fault slivers near the NW corner of the Hula basin expose a strongly 
folded Late Miocene or older series, >400 m thick, of lacustrine beds and conglomer-
ates built only of Eocene clasts (Kefar Giladi Formation; Glickson  1966 ; Sneh and 
Weinberger  2003 ; Weinberger et al.  2009 ). The structural setting in which these series 
formed was obliterated, but it probably differed from the present setting. The younger 
fi ll of the Hula basin fi ll is mostly fl at, but in Pleistocene times a diagonal NE-SW 
striking fault associated with folding formed within the basin, while along its continu-
ation NW of the basin several small uplifted structures formed (Schattner and 
Weinberger  2008 ; Heimann et al.  2009 ; Weinberger et al.  2009 ,  2011 ). These authors 
interpreted these structures as a result of young eastward shifting of the Euler pole, 
which caused southward expansion of the transpressive segment of the DST. 
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 The area west of the central and northern Jordan Valley, including the Galilee, 
the Yizreel Valley (Esdarelon Valley), and the Tiberias sub-basin, is crossed by 
E-W, SSE-NNW, and NW-SE trending normal and oblique slip faults that formed 
while the DST was active. Here only a few major points can be mentioned. The 
trends of Middle Miocene faults in the Tiberias sub-basin and the Yizreel Valley 
form large angles with the DST (Shaliv  1991 ), but they do not extend east of it, 
which shows that at that time the DST was already a structural boundary. 
Paleomagnetic data reveal that the Miocene and Pliocene faulting west of the 
DST was accompanied by large rotations of the fault blocks about vertical axes, 
which led to overall E-W shortening and N-S extension of the Galilee (Ron et al. 
 1984 ). Since mid-Pliocene times ca. E-W trending normal faults dominated the 
structure of the southern half of the Galilee which led to N-S extension (Matmon 
et al.  2003 ). GPS data were interpreted by Sadeh et al. ( 2012 ) as showing that 
now the northern Galilee moves northward at a rate of 1 mm/year relative to the 
area south of the Yizreel Valley. Though close to the limit of resolution, this 
agrees with the structural evidence. The N-S extension (≥5 km) of the western 
DST fl ank decreases the lateral transform offset farther north. Some faults extend 
from the Galilee into Lake Kinneret (Fig.  5.5 , Hurwitz et al.  2002 ). The resulting 
N-S extension due to these faults may have led to the young deformation and 
subsidence of Lake Kinneret, which is quite distinct from the transpression north 
and south of it. 

 The strong faulting of the western fl ank of this segment of the DST is considered 
to express its deformation when it moved laterally along the pronounced bend of the 
DST trace at the transition between its northern and southern parts. In contrast, only 
mild faulting affected the Golan Heights east of this segment of the DST (Fig.  5.5 , 
Shulman et al.  2004 ; Meiler et al.  2011 ).  

5.5.1.7     The Deformation Along the Southern Part of DST 

 The foregoing summary shows how the shallow structure along the DST was 
related to the plate kinemtics. It also reveals that most of the time and along most 
of the southern part of the DST the lateral motion and related deformation took 
place in an up to a few tens of kilometers wide zone. Only at the central Arava 
saddle and the Bet Shean saddle was the overall motion close to pure strike slip in 
narrow zones. Elsewhere the lateral motion took place in wide deformed zone, 
mainly on left stepping strike slip faults that deviate slightly clockwise from the 
overall transform. This produced varying amounts of transtension that led to the 
growth of a string of conspicuous pull-aparts (rhomb grabens) combined with 
normal faulting along the margins of the transform valley (Fig.  5.2c , Garfunkel 
 1981 ). Plate kinematic considerations and the structural history show that the 
transtension increased with time (see  5.4 ). This was achieved by structural rear-
rangements, well seen in the south, while in the Arava Valley and farther north by 
growth of pull apart basins combined with an increase in the role of the marginal 
normal faults. 
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 The foregoing discussion focused on the shallow structures, but the features of 
these structures have also signifi cant implications for processes at deeper level, 
especially when integrated with geophysical data. This topic is largely outside the 
scope of the present paper, but since such an analysis is rarely followed, a few points 
are presented below. 

 The deformation seen on the surface is expected to extend at least through the 
entire crust. This is supported by seismic data from the central Arava Valley which 
show that there the DST extends through the entire crust (Weber et al.  2004 ,  2009 ) 
and also by the difference between coeval volcanics across the DST near the 
Korazim plateau, which raises the possibility the DST motion affects the magma 
sources well below the Moho (Weinstein  2012 ). Here only a few implications of the 
shallow structures for the deeper deformation and some questions that they raise can 
be briefl y discussed. 

 The most conspicuous deformation occurs during the growth of the pull-aparts. 
Most revealing are the data about the Dead Sea basin. As explained above, the 
southern part of the Dead Sea basin (in the Arava Valley) is fl oored by the continu-
ation of its western fl ank, while in its northern part the eastern DST fl ank extends 
under the entire basin width (Fig.  5.4 ). Since the lateral offset along the DST moved 
these areas apart by ca. 105 km along the basin axis, the fl oor of the intervening part 
of the basin must have been stretched and thinned. This is confi rmed by seismic and 
gravity data (ten Brink et al.  2006 ; Mechie et al.  2009 ) which show that the Moho 
under both the basin’s center and it’s fl anks is at about the same depth – ca. 33 km. 
As the basin fi ll is up to 12–14 km thick, the crystalline crust under the middle part 
of the basin is only 22–20 km thick, compared with 30–32 km under the basin 
fl anks. Similar arguments apply also to the deep Gulf of Elat and the Kinnarot-LK 
basins, where the Moho is not deeper than under their fl anks according to gravity 
data, but there the crustal thinning is probably smaller than under the Dead Sea 
basin. Stretching of the fl oors of pull-aparts is expected also in view of the increase 
in area during their formation (Fig.  5.2b ), and it also explains how the lateral slip 
along the pull-aparts is transferred from their SE to their NW extremities (Garfunkel 
and Ben-Avraham  1996 , their Fig. 6). 

 Stretching of the crust under the basins should deform the basins’ fi lls. The 
 distribution of earthquake foci under the Dead Sea basin and their source mecha-
nisms (Aldersons et al.  2003 ; Hofstetter et al.  2007 ,  2008 ) show that complex brittle 
deformation occurs beneath the entire basin width in both the upper and the lower 
crust, though the deformation pattern is diffi cult to infer. However, the structures 
known in the shallow parts of the basin fi lls (e.g. Gulf of Elat and Dead Sea) – trans-
verse faults and downward increasing dips – probably can not account for the entire 
basins’ growth, so this issue still requires further study. 

 If the crust beneath the major basins was modifi ed only by stretching, then the 
basins would be strongly isostatically under-compensated because of the presence 
of a thick low-density of sediment fi ll. Exact local compensation of such narrow 
structures is not expected, but the continuing great subsidence of strongly under-
compensated basins and the support of large deviations from isostatic equilibrium 
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are diffi cult to explain (cf. Ten Brink et al.  2006 ). However, the occurrence of 
igneous rocks along the DST (e.g. in the Zemah-1 well, the Zahret el-Qurein 
dome north of the Dead Sea, and the sources of the magnetic anomalies in its 
middle) and on its fl anks raises the possibility that basalt intrusions in the stretched 
middle or even shallow crystalline crust contribute to decreasing the mass defi cit. 
Noteworthily, seismic refl ection studies (ten Brink et al.  2006 ; Mechie et al.  2009 ) 
show that beneath the middle of the Dead Sea basin material with upper crustal 
velocities forms a much smaller fraction of the crystalline crust than under the 
basin fl anks. This is diffi cult to explain by mechanical stretching alone, but can 
arise if basic intrusions are emplaced into the lower velocity/lower density mate-
rial of the upper half of the original crust. Underplating by igneous rocks was also 
inferred in the Imperial Valley, California, and the Baikal rift (Fuis et al.  1984 ; 
Nielsen and Thybo  2009 ). 

 Thinning of the crust beneath the basins would also infl uence the thermal regime. 
The thinned crust under the basins supplies less heat than the intact crust of their 
fl anks, which should be taken into account while interpreting the data. As this is a 
shallow effect, it will be expressed in the heat fl ow after a period shorter than the 
DST history (in contrast to thermal effects originating well below the Moho). The 
heat fl ow of 38 mW/m 2  under the northern Dead Sea is similar or lower than that on 
its western fl ank (Ben-Avraham et al.  1978 ; Eckstein  1979 ; Schütz et al.  2012 ). In 
the northern Gulf of Elat the heat fl ow is 66 ± 30 mW/m 2 , similar to 60.3 ± 3.4 mW/
m 2  found east of ‘Aqaba, and in Lake Kinneret it is 74 ± 4 mW/m 2 , higher than in the 
Galilee (Ben-Avraham et al.  1978 ; Eckstein  1979 ; Förster et al.  2007 ). In these 
places the thinned crust contributes less to the heat fl ow at the surface than the intact 
crust under the transform shoulders. Thus, to account for the observed values, the 
heat fl ow from the mantle under the basins may well be higher than under their 
shoulders. On the other hand the occurrence of earthquakes in the lower crust under 
the basins (Aldersons et al.  2003 ) shows that the temperature there is low enough to 
allow earthquake generation (probably no more than 350–400 °C in the lower crust). 
More data and modeling of the thermal regime are required to integrate these 
considerations. 

 Pull-apart basin formation was also studied by fi nite element thermo-mechanical 
models that (Sobolev et al.  2005 ; Petrunin and Sobolev  2006 ) and by analogue 
modeling (e.g. Smit et al.  2010 ,  2011 ; Wu et al.  2009  and references therein). 
Though the models require further refi nement to include the effects of lateral struc-
tural variations, changes of basin area, igneous activity, and changes of plate 
motions, they provide very important quantitative insights. However, as they apply 
to the entire crust and/or lithosphere, their discussion is outside the scope of this 
paper. Such models should eventually also yield insights into the structural changes 
that took place along the DST. 

 In summary, the foregoing considerations reveal how the shallow structures along 
the DST and their history are related to the motions of the fl anking plates, and also 
show that combining the data regarding the shallow levels with geophysical data 
from deeper levels can provide insights that are otherwise very diffi cult to obtain.   
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5.5.2     Northern Part of Dead Sea Transform 

 The northern part of the DST differs from its southern part by having a sinuous trace 
and by the signifi cant deformation of its fl anks (Fig.  5.1 ) which is interpreted as 
expressing transpression. This part of the DST was less studied than the southern 
part, and its nature was much debated. Here an updated summary of the main 
 available information and unresolved problems is attempted. 

5.5.2.1    The Lebanon Restraining Segment 

 The conspicuous ca. 150 km long Yammouneh Fault extends along the east side of 
the Lebanon range, and is marked by a ca. 2 km wide damage zone in which much 
mesoscale fracturing, small scale folding, abundant horizontal slickensides, and 
small pull-aparts are developed (Heybroek  1942 ; Hancock and Atiya  1979 ; Gomez 
et al.  2006 ), pointing at the importance of lateral motion. It is believed to take up 
practically the entire lateral offset of the DST, because the difference between the 
stratigraphic sections across its southern extremity reveals a lateral offset similar to 
the offset farther south (Quennell  1959 ; Freund  1965 ; Freund et al.  1970 ; Walley 
 1983 ,  1988 ; Sneh and Weinberger  2003 ). GPS data (Reilinger et al.  2006 ; Gomez 
et al.  2007 ; Le Beon et al.  2008 ; Alchalbi et al.  2010 ) also show that it is the main site 
of lateral motion in Lebanon. Thus it is not possible to accept interpretations tending 
to minimize the role of lateral motion on the Yammouneh Fault (e.g. Dubertret  1970 ). 

 As the strike of the Yammouneh Fault − 30°–35°NE − deviates considerably 
clockwise from the ca. N-S strikes of the main DST faults to the south and north, it 
forms a prominent restraining bend (Quennell  1959 ; Freund et al.  1970 ). The result-
ing transpressive deformation extends to distances of 30–50 km on the two sides of 
the fault, and is combined with signifi cant vertical motions. This produced the inter-
nally deformed, structurally and topographically high, Lebanon and Hemon-Anti 
Lebanon anticlinal ranges (up to ca. 3 km high) and the synclinal Bekaa Valley 
syncline between them (Fig.  5.5 ). 

 The Bekaa Valley syncline (Fig.  5.5 ) is a structural low whose axis forms a small 
angle with the Yammouneh fault. Many smaller scale NE-SW to NNE-SSW trend-
ing tight folds (some with overturned fl anks), i.e. deviating clockwise from 
Yammouneh fault, are developed along its fl anks (Dubertret  1955 ; Renouard  1955 ; 
Beydoun  1977 ). This structural pattern points at left-lateral shearing of the entire 
Bekaa syncline combined with some transverse shortening. The southern part of the 
syncline is crossed by a longitudinal fault (Hasbaya Fault) whose nature (strike- 
slip?) is not well constrained; it is sealed by 3.5–2.2 Ma old basalts. Small occur-
rences of basaltic volcanics occur also farther north along the Bekaa Valley syncline 
(Dubertret  1955 ), recording magma ascent close to the DST trace. 

 The Hermon-Anti Lebanon anticlinal ridge, ca. 30 km wide, comprises several 
secondary anticlines and is crossed by the Rachaya Fault and Serghaya Fault 
(Fig.  5.5 ). The Rachaya Fault branches off the eastern border fault of the Hula basin 
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and extends ca. 40 km through the western fl ank of the Hermon-Anti Lebanon 
 anticlinal range. The presence of a small pull-apart along its southern part (Heimann 
et al.  1990 ) indicates left lateral slip, probably only a few km in view of the limited 
length of this fault. The Serghaya Fault, ca. 100 km long, extends northward from 
the SE side of the range across its anticlinal crest, but it becomes indistinct before 
reaching the Bekaa Valley syncline (Fig.  5.5 ). Gomez et al. ( 2001 ,  2006 ) identifi ed 
up to 6 km of left lateral offsets of streams, which indicate continuing lateral motion. 
Walley ( 1998 ) suggested a total offset of ca. 25 km, which appears excessive in view 
of the limited northward extent of the fault, but this needs further study. In the south 
this fault extends to a strongly deformed area on the SE side of the Hermon-Anti 
Lebanon range where Kopp and Leonov ( 2000 ) reported thrusting of Jurassic beds 
over Neogene-Quaternary beds, though they gave no details. The relations of these 
structures with the Hula basin are hidden by the volcanics of the Golan Heights. 

 West of the Yammouneh Fault the 30–35 km wide Lebanon range comprises 
several folds and fl exures, mostly sub-parallel to the range, and it is also consider-
ably faulted (Fig.  5.5 ). The southern part of Lebanon is crossed obliquely by the ca. 
35 km long Roum Fault which splays from the Yammouneh Fault and is still active 
(Nemer and Meghraoui  2006 ). It displaces left laterally river valleys, but the offset 
decreases northward (Garfunkel  1981 ) until there is no visible geologic discontinu-
ity in the pre-DST rocks along its northward prolongation, though much fracturing 
is recorded (Dubertret  1955 ; Khair  2001 ; Griffi ths et al.  2000 ). Thus it appears that 
the Roum Fault does not extend northward to the Mediterranean coast, so it could 
not have taken up much of the DST lateral motion (e.g. suggested by Butler et al. 
 1998 ). Rather, in view of the very different cross sections of the folds on its two 
sides it is interpreted as marking a discontinuity in the internal deformation of 
Lebanon. The area west and SW of the Roum Fault is the northern continuation of 
the Galilee. It is crossed by NE-SW faults that probably have a right lateral slip 
component, like the faults with this trend in the adjacent part of the Galilee. 

 The northern 2/3 of Lebanon forms a major anticlinal arch that is cut by a system 
of NNE-SSW trending oblique-right lateral faults, offsetting the axis of the arch and 
the monocline along its western side (Fig.  5.5 ). As each segment of the arch has a 
different cross section, it appears that the arch and the faults developed coevally. 
Some of these faults extend to the coast where they offset Neogene sediments, which 
shows that they acted coevally with the DST. Because of the lateral DST motion this 
area must have moved along the bend at the northern end of the Yammouneh fault, 
so its overall shape must have changed as the motion progressed and it must have 
been internally deformed, but the mechanism needs further study. 

 Paleomagnetic data show that the rocks building the Lebanon and Hermon-Anti 
Lebanon ranges rotated on vertical axes. In northern Lebanon Gregor et al. ( 1974 ) 
found rotations of ca. 60° and ca. 30° ccw (relative to the paleomagnetic poles of 
Africa) of Jurassic and Early Cretaceous rocks, respectively. Ron ( 1987 ) treated 
these data as a single population and inferred an average rotation of 53° ± 10° ccw, 
while in southern Mt. Hermon he found that Early Cretaceous rocks rotated 
69° ± 13° ccw, and Baer et al. ( 1998 ) found rotations of ca. 60° ccw. In contrast, 
Henry et al. ( 2010 ) found an average ccw rotation of 28° ± 6.4° in all exposures of 
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Aptian and Albian rocks in the Lebanon and Hermon-Anti Lebanon ranges, and in 
many sites they also identifi ed a Neogene re-magnetization indicating rotations of 
11° ccw. Ron et al. ( 1984 ) found a ccw rotation of 22° ± 9° in the Galilee next to 
the border with Lebanon, which very likely applies also to the northward continu-
ation of this domain into Lebanon (SW of the Roum fault). The age of these rota-
tions is not constrained directly, but in analogy with the Galilee (Sect.  5.5.1 .) they 
probably occurred mainly during the activity of the DST. However, Henry et al. 
( 2010 ), following Gregor et al. ( 1974 ), advocated also a pre-Aptian rotation of ca. 
30° ccw in northern Lebanon. Clearly, more paleomagnetic data and structural 
studies are needed.  

5.5.2.2     The Syrian Segment 

  N orth of Lebanon the DST is also transpressional, but since it trends close to N-S 
the transverse shortening is much smaller (ca. 1/3) than in Lebanon segment. The 
two segments are separated by a structural low covered by the ca. 6–4 Ma old 
Homs (or Shin) basalts (Fig.  5.6 , Mouty et al.  1992 ; Sharkov  2000 ). West of the 
DST the volcanics cover an erosion surface that cuts gradually down from Neogene 
sediments near the coast to Late Jurassic beds next to the DST fault, but ca. 2 km 
farther east the volcanics cover Middle Cretaceous beds, stratigraphically several 
hundred meters higher (Ponikarov  1964 ; Mouty et al.  1992 ; Chorowicz et al.  2005 ; 
Gomez et al.  2006 ). This shows that here an eroded structural step existed along the 
trace of the DST before basalt extrusion, indicating that here the DST was active 
already before the end of the Miocene. This, and the evidence regarding the lateral 
motion provided by the Miocene sections farther north (see  5.4 ) show that the 
Syrian segment of the DST was active considerably earlier than envisaged by 
Rukieh et al. ( 2005 ).

   At the transition from Lebanon to the Syrian segment the principal DST fault 
changes strike quite abruptly, and a ca. 12 km long depression (pull-apart?) is devel-
oped (Fig.  5.6 ). Farther north the principal fault zone is 2–3 km wide and comprises 
several fractures. Ongoing activity is proven by the offset of a Roman aqueduct and 
of morphologic features, and also by minor structures (Trifonov et al.  1991 ; 
Meghraoui et al.  2003 ; Chorowicz et al.  2005 ; Rukieh et al.  2005 ), confi rming that 
this is where the lateral DST motion now takes place. The shape of the Homs volca-
nic fi eld strongly suggests that it was offset left laterally, estimated as >20 km by 
Chorowicz et al. ( 2005 ) but considerably less by Rukieh et al. ( 2005 ). An exact 
fi gure cannot be given because the edges of the volcanic fi eld are much eroded. 

 Farther north the fault zone bifurcates into two major branches that enclose the 
ca. 50 km long and ca. 15 km wide Ghab basin pull-apart which has an up to 3.5 km 
thick young fi ll (Fig.  5.6 , Dubertret  1955 ; Ponikarov  1964 ; Kopp and Leonov  2000 ; 
Brew et al.  2001a ,  b ; Rukieh et al.  2005 ). Data from shallow wells show that the 
basin formed already in the early Pliocene, but the deeper part of its fi ll, still 
undated, may well be older. Structural interpretations vary. Brew et al. ( 2001a ,  b ) 
inferred that the eastern boundary fault was sub-vertical and the western boundary 
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fault was normal, while Kopp and Leonov ( 2000 ) reported steep dips and  mesoscale 
structures indicating reverse faulting along both boundary faults, and Zanchi et al. 
( 2002 ) reported older thrusts and younger E-W extension. Clearly, further struc-
tural study is needed. 

 North of the Ghab basin the principal fault zone comprises a ca. 15 km wide belt 
of narrow N-S trending horsts and grabens formed by post-Miocene faulting 
(Fig.  5.6 , Ponikarov  1964 ). Most of the faults in this zone are inactive, as at the 
northern end of the Ghab basin they are covered by 1–2 Ma old basalts that are not 
visibly faulted (Ponikarov  1964 ; Ponikarov et al.  1969 ; Sharkov  2000 ), while in the 
north they do not displace the fi ll of the Amik basin. East of this belt the possibly 
active Afrine Fault branches off the Ghab basin, (Fig.  5.6 ), but its role is insuffi -
ciently known. Only the westernmost fault, the prolongation of the western border 
fault of the Ghab basin, is active and extends northward to the Amik basin (Fig.  5.6 , 
Senel  2002 ; Karabacak et al.  2010 ; see  5.5.2.3 ). 

  Fig. 5.6    Northern segments of the DST.  AL  Amik Lake,  AmFZ  Amanos fault zone,  EAFZ  East 
Anatolian fault zone,  GF  Gölbaşi fault,  KV  Karasu Valley       
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 The transform eastern DST fl ank is little deformed, but its western fl ank – the 
uplifted Jebel Ansarieh (An-Nusseriyeh) range (coastal range of Syria) – is much 
faulted (Ponikarov  1964 ; Ponikarov et al.  1969 ). Kopp and Leonov ( 2000 ) concluded 
that the dominant NE-SW striking faults had a right-lateral slip component. They sug-
gested that here blocks rotated ccw on vertical axes, like in N Lebanon, but this has 
not been investigated. In the north the Nahr al-Kabir (Latakie) graben (see Sect.  5.3 ) 
separates the Ansariyeh range from the Bassit block on which Late Cretaceous ophio-
lites are present (Fig.  5.1 , Ponikarov  1964 ; Rukieh et al.  2005 ). The motion between 
these blocks is not known, but there is no obvious evidence that it was signifi cant.  

5.5.2.3        The Northern End of the DST 

 The northernmost, Turkish, segment of the DST is dominated by the Karasu graben, 
with the Amik basin in its southern part, which are fl anked by the high standing 
Amanos Block in the west and the NE corner of the Arabian plate on the east 
(Fig.  5.6 ). These form the direct northward prolongation of the DST structure far-
ther south. Left lateral motion continues northward from the Ghab basin into the 
Amik basin (Senel  2002 ; Karabacak et al.  2010 ), and farther north along the promi-
nent NNE-SSW trending Amanus Fault Zone along the west side of the Karasu 
graben. Offset lava fl ows along this fault zone record left-lateral slip at a rate of ca. 
2.9 mm/year in the last 1 Ma (Rojay et al.  2001 ; Seyrek et al.  2007 , superseding 
previous studies). Lateral slip may also occur along the eastern side of the Karasu 
graben (Perinçek and Çemen  1990 ; Westaway and Arger  1996 ), but was not docu-
mented in detail. Tatar et al. ( 2004 ) inferred Quaternary shearing of the entire 
Karasu graben based on paleomagneric data, but this is very doubtful – the spread 
of the data is very large and supporting structural data are lacking. 

 The Amik basin (Fig.  5.6 ) is fi lled with 3–5 km of Neogene-Quaternary beds that 
overlie Late Cretaceous ophiolite nappes, but farther north the Karasu graben fl oor 
exposes the ophiolites and other pre-transform rocks (Coskun  1994 ; Perinçek and 
Çemen  1990 ; Rojay et al.  2001 ; Senel  2002 ). This requires a major structural step 
on the northern side of the Amik basin, but its history was not documented. Young 
volcanics, often of Quaternary age, extend along the Karasu graben, again demon-
strating magma ascent along the DST. In the west the SW-NE trending Hatay gra-
ben (Asi graben) branches off the Amik basin (Fig.  5.6 ). It subsided and was crossed 
by NE-SW normal faults already in middle and late Miocene times, but the present 
graben structure was shaped in Pliocene-Quaternary times (Boulton et al.  2006 ). 

 The ca. NNE-SSW striking faults delimiting the Karasu graben, which appear to 
be the direct northward continuation of the DST structures, end abruptly in the north 
against an E-W trending anticline (near the town Kahraman Maras) (Fig.  5.6 , Karig 
and Kozlu  1990 ; Yilmaz  1993 ; Senel  2002 ). Early plate tectonic models (Freund 
 1965 ; Wilson  1965 ; McKenzie et al.  1970 ) interpreted this area as a triple junction, 
called the Maras triple junction, between the Arabia and Sinai plates and the Alpine 
zone of plate convergence. However, the site of plate convergence – the front of the 
Alpine allochthonous nappes – is situated 20–25 km north of Maras (Fig.  5.6 ), and 

Z. Garfunkel



135

the intervening area exposes Cenozoic sediments typical of the margin of the 
Arabian platform, which are deformed by N-S compression. Thus the situation is 
more complex than suggested in these models. 

 During the early stages of the DST activity, in the Miocene, continuing plate 
convergence along the Bitlis suture east of it led to emplacement of allochthonous 
nappes on the northern edge of the Arabian platform, while west of the DST plate 
convergence took place north of the Eastern Mediterranean basin (Şengör and 
Yilmaz  1981 ; Yilmaz  1993 ; Robertson  2001a, b ; Robertson et al.  2004 ). In (late?) 
Early Miocene times, close to the time of the DST initiation, the Cyprus arc became 
the southern part of the orogenic belt and was thrust over the Levant basin (northern 
part of Sinai plate) along the Latakiya Fault zone (Fig.  5.6 , Eaton and Robertson 
 1993 ; Robertson  2001b ; Vidal et al.  2000 ; Hall et al.  2005a ,  b ). Thus when the 
 lateral DST motion began in the early Miocene, a triple junction as envisaged in the 
above models, probably existed along the belt of plate convergence. 

 However in the Pliocene, 3–4 Ma ago, the geometry of the plate boundaries near 
the northern end of the DST changed as westward extrusion of Anatolia became 
important and the left lateral East Anatolian Fault Zone, not yet recognized in the 
early works, Formed, but a slow change may have begun earlier. It cut obliquely the 
Alpine nappe front (i.e. the older) and continued into the NE corner of the Arabian 
platform, becoming the new Arabia-Anatolia plate boundary east of the DST 
(Fig.  5.6 , Şengör et al.  1985 ; Bozkurt  2001 ; Hubert-Ferrari et al.  2009 ). This event 
was of great signifi cance for the evolution of the entire East Mediterranean region 
(Le Pichon and Kreemer  2010 ), but is outside the scope of the present work, so only 
effects near the DST will be considered here. West of the DST plate convergence 
continued along the Cyprus arc, so the question arises as to how the new plate 
boundary east of it continues westward. 

 The lateral offset along the East Anatolian Fault Zone is estimated as 20–30 km 
(Şaroĝlu et al.  1992 ; Westaway and Arger  1996 ). Offset alluvial fans some distance 
east of the DST, and GPS data record a young slip rate of 10–11 mm/year (Cetin et al. 
 2003 ; Reilinger et al.  2006 ; Reilinger and McClusky  2011 ; Le Pichon and Kreemer 
 2010 ), compatible with its young age. In the Early Pleistocene and earlier times the 
Kyrenia-Misis line and perhaps other structures took up some of the convergence 
(Fig.  5.6 , Karig and Kozlu  1990 ; Hall et al.  2005a ,  b ; Robertson  2001a, b ; Robertson 
et al.  2004 ), but now the Anatolia-Levant basin convergence is concentrated on the 
Latakiya Fault Zone according to seismicity and GPS data (Papazachos and 
Papaioannou  1999 ; Reilinger et al.  2006 ). When the East Anatolian Fault Zone formed 
it must have linked with these structures and a component of lateral slip was most likely 
added to the motion along them, but how this happened is still not well understood. 

 Yilmaz ( 1993  his Fig. 2) and Senel ( 2002 ) show that ca. 100 km east of the 
Karasu graben the East Anatolian Fault Zone splits into several branches that 
extended north of its presently active trace – one that extends into the northern part 
of the Amanos Block and offsets its eastern boundary, and another one still farther 
north (Fig.  5.6 ). A fault may also extend close to the front of the Alpine nappes, 
where left lateral motion was reported, though its importance is debated (Karig and 
Kozlu  1990 ; Robertson et al.  2004 ). When these faults were active the motion along 
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the western part of the East Anatolian Fault Zone was partitioned between them, so 
the link with the structures west of the Amanos Block was apparently through a 
wide zone, in part extending north of the Amanos Block (Fig.  5.1 ), but the details 
still require clarifi cation. As these faults have no clear morphologic expression they 
are probably inactive at present. 

 Now the Gölbaşi Fault (GF, Fig.  5.6 ), marked by a prominent physiographic 
feature, appears to be the active western strand of the East Anatolian Fault Zone 
(Perinçek and Çemen  1990 ; Şaroĝlu et al.  1992 ; Westaway and Arger  1996 ). It 
reaches the Amanus Fault Zone, but an active fault that forms its westward continu-
ation into the Amanos Block was not clearly documented, and the two fault- 
controlled morphological margins of this block are not visibly offset. Thus it is not 
easy to accept that the Gölbaşi Fault continues westward across the Amanus Block 
(as suggested by Westaway  2003 ; Westaway et al.  2006 ), but this requires further 
study. Possibly, the motion along the Gölbaşi Fault is linked to the slip along 
Latakiye Fault Zone via the Amanus FZ and the Hatay graben (Perinçek and Çemen 
 1990 ; Şaroĝlu et al.  1992 ; Mahmoud et al.  2013 ). 

 The stress regime in the area provides additional insights and tends to support 
this picture. Field studies by Over et al. ( 2004 ) reveal that in Recent-Quaternary 
times a regime of left lateral transtension prevailed along the Hatay graben and the 
Amanus Fault Zone, compatible with GPS data (Reilinger and McClusky  2011 ; 
Mahmoud et al.  2013 ) and with the normal slip component on the Amanus Fault 
Zone inferred from fi eld data by Perinçek and Çemen ( 1990 ), Rojay et al. ( 2001 ), 
Seyrek et al. ( 2007 ) (but not with thrusting on this fault, which Adiyaman and 
Chorowicz ( 2002 ) inferred from remote sensing data). However, if the Amanus 
Block were rigidly attached to the more southern part of the western DST fl ank, i.e. 
to the Sinai plate, then the plate kinematics require transpression in this area 
(Garfunkel  1981 ). Thus now this block appears to be decoupled from the Sinai plate 
and seems to move approximately like the Cyprus arc, which is supported by GPS 
data (Reilinger and McClusky  2011 ; Mahmoud et al.  2013 ). The decoupling prob-
ably drives the young activity of the Hatay graben, and possibly also the Nahr el-
Kebir graben, though both are relatively old structures. However, this situation is 
probably young and has not yet produced signifi cant motion relative to the western 
DST fl ank, as there is no identifi able geologic discontinuity along these structures. 
Indeed, the fi eld data (Over et al.  2004 ) reveal a regime of transpression in Pliocene-
Miocene times, indicating considerable coupling of the Amanos block with the 
western DST fl ank south of it. However, if the coupling was rigid most of this time, 
then 20 km or more of transverse shortening across the northernmost DST is 
expected. Seyrek et al. ( 2007 ) concluded that this was the case, but since their plate 
kinematic model confl icts with the GPS data (see above) and they did not present 
fi eld data to constrain the amount of E-W shortening, this interpretation requires 
further study. Thus it seems that the Amanos block tended to behave independently 
for some time, and recently tends to become attached to the Cyprus arc. So a new 
Hatay triple junction seems to develop, though it utilizes older structures. 

 If a signifi cant part of the lateral motion of the East Anatolian FZ was  transferred 
westwards north of the Amanos Block, this would truncate the northern segment of 
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the DST and juxtapose it with a sliver of the Arabian platform that was  originally 
located farther east. Before that the DST was closer to the area (ca. long 36.75°E) 
where the E-W trending nappes end more western structures farther west strike ca. 
NE-SW (Fig.  5.6 , Yilmaz  1993 ; Karig and Kozlu  1990 ; Senel  2002 ; Robertson 
et al.  2004 ). This raises the possibility the shape of the nappe front was infl uenced 
to some extent by the DST and not only by the curved shape of the northern bound-
ary of Arabia. 

 In summary, because of the young changes in the tectonic pattern, the young 
activity along the Turkish segment of the DST cannot be described in terms of the 
Sinai-Arabia plate boundary and a simple “Maras triple junction”, but incomplete 
understanding of the new tectonic pattern in this area does not allow reliably restore 
the older situation. However, since this segment is the direct continuation of the 
DST structures farther south, and since it is the only major structure that could have 
accommodated the lateral offset across the north of the Syrian segment, it is believed 
that it should be considered as part of the DST during the early stages of its develop-
ment. Additional data are required to resolve these issues.  

5.5.2.4      Deformation Along the Northern Part of the DST 

 The foregoing account shows that deformation along the Lebanon and Syrian 
 segments of the DST is complex, but is considered as a result of transpression 
because the DST trace deviates clock-wise from the local direction of the relative 
left lateral plate motion. However, this does not apply to the young history of the 
Turkish segment because of the young changes in this area (as explained in  5.5.2.3 ). 

 Given the orientation of the Yammuneh fault, plate kinematics requires that its 
fl anks should be shortened by up to 40–50 km (Freund et al.  1970 ; Garfunkel  1981 ). 
The actual fi gure is probably less, because deformation of the adjacent Palmyrides, 
which began in the Cretaceous but continued during the time of DST activity 
(Chaimov et al.  1990 ; Searle  1994 ; Walley  1998 ; Kopp and Leonov  2000 ; Brew 
et al.  2001a ; Rukieh et al.  2005 ) would bend the DST trace. However, even if a large 
part of the total ca. 20 km NW-SE shortening of the Palmyrides contributed to bend-
ing of this fault, this would amount to <10°, so the remaining transverse shortening 
of the fault fl anks is still expected to be ca. 30 km or more. 

 The folding of the Yammouneh Fault fl anks (Fig.  5.5 ) indeed records transverse 
shortening, but the fold geometry shows that it is doubtful that this could have 
exceeded 5 km. Thus the rest must be explained in another way. The most likely 
mechanism is rotation on vertical axes of small blocks between sub-parallel strike 
slip faults, as is revealed by paleomagnetic data. The large ccw rotations (Ron  1987 ; 
Henry et al.  2010 ) provide a very effi cient mechanism of large-scale regional defor-
mation (Ron et al.  1984 ; Garfunkel and Ron  1985 ). Such a deformation practically 
preserves surface area, so in contrast with folding and thrusting it does not lead to 
crustal thickening. Rotations of 25°–30° ccw, as Henry et al. ( 2010 ) found in 
Lebanon, would reduce the E-W dimension of the deformed zone while increasing 
its N-S length by tens of percent (Freund et al.  1970 ; Garfunkel and Ron  1985 ). So 
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qualitatively these results can explain the shortening perpendicular to the DST in 
Lebanon. The rotation assumed by Ron ( 1987 ), based on fewer data and combining 
measurement from different area, is more diffi cult to apply, so this matter needs 
clarifi cation. Along the Syrian segment transpression was much smaller: some fold-
ing occurred NE of the Ghab depression, and considerable faulting affected its west-
ern fl ank, and here too rotation of blocks about vertical axes was suggested, but 
there are no data directly supporting this assumption. 

 If the left lateral shearing by block rotations indeed results in N-S lengthening of 
its western fl ank, then left-lateral shearing must arise along its junction with the 
adjacent undeformed Levant basin north of the Galilee, as is seen on Fig.  5.7 . In this 
case the lateral offset on the main fault is reduced (see  5.5.1.6 ) while the total left 
lateral offset parallel to the DST appears to be preserved (Fig.  5.7 ). Deformation of 
the continental margin was indeed observed and was interpreted as related to the 
deformation onland (Schattner et al.  2006 ; Carton et al.  2009 ; Elias et al.  2007 ), but 
its magnitude needs further testing.

   The considerable deformation of the fl anks of the Lebanon and Syrian segments, 
affecting an up to 65–75 km wide zone at shallow levels, is expected to affect also 
deeper crustal levels. The occurrence of volcanics close to and along the main trace 
of the DST from the central Jordan Valley and northward, which shows that the DST 

  Fig. 5.7    Sketch to show how the amount of lateral offset of marker is affected by deformation of 
the margins of a strike-slip fault. The  light domain  is affected by fault-parallel extension, while the 
 darker gray domain  is also sheared. Along the main fault the offset varies, and a fault/shear zone 
develops along the margin of the deformed domain       
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was a preferred pathway for magma ascent, raises the possibility that igneous 
 intrusions and resulting heating could have infl uenced the mechanical properties of 
the crust under the DST fl anks. However, these issues cannot be further explored in 
the absence of relevant data.    

5.6     Discussion 

 The foregoing summary, though often limited because of insuffi cient data,  highlights 
some basic questions regarding the plate setting, history, and development of the 
entire DST, and also stresses major challenges facing future research. 

 As noted, the DST was superimposed on, and cuts through, older structures. 
There is no known evidence that any part of it reactivated older structures, though 
such structures could have infl uenced the shape of its trace and the details of defor-
mation along it. The bend along the Yammouneh Fault formed where the DST 
crosses a Permian-Triassic rift underlying the Palmyrides, so it is likely that it was 
infl uenced by the older rift. The known data do not resolve differences in the times 
of initiation of the various parts of the DST before they joined to form a through- 
going plate boundary. However, if such early lateral offsets were signifi cant (more 
than a few kilometers) along distinct segments, then next to their terminations visi-
ble structures should have formed to accommodate the lateral motions. The only 
known structures that could have formed (or were accentuated) in this way are the 
Palmyrides, which could have allowed some early slip on the southern part of the 
DST. However, since the Palmyrides were deformed also during the DST activity, 
this could have amounted to only a fraction of the entire ca. 20 km of NW-SE short-
ening east of the DST trace, which is a small fraction of the total offset. This could 
delay the northward propagation of the DST by a few Ma only, which is compatible 
with the lines of evidence mentioned above, that point at its Miocene activity 
(including its northern pars: see  5.3 ,  5.5.2.2 , and  5.5.2.3 )   . Therefore it is impossible 
to accept models proposing that the northern part of the DST did not form before the 
Late Miocene, i.e. when a large lateral offset had already taken place along its 
southern part (e.g. Kopp and Leonov  2000 ; Homberg et al.  2010 ). 

 It is concluded, therefore, that the entire DST formed over a short, though 
unknown, period, most likely late in the Early Miocene (17–18 Ma ago). Since then 
the DST acted as a continuous transform boundary between the Sinai and Arabia 
plates, except for its Turkish segment (see below). Thus the Sinai-Arabia plate kine-
matics provides a framework for its interpretation. Since this boundary has an irreg-
ular shape in map view, its two sides cannot fi t when lateral motion progresses. The 
result will be either transtension or transpression, depending on the relation between 
the direction of the relative plate motion and the local trend of the plate boundary. 
This will lead to different types of deformation along the DST and its fl anks that 
varies along its trace. The foregoing review showed that the kinematics of the Sinai- 
Arabia plate motion, as constrained by combining data from the DST itself with 
data from the Red Sea, indeed provide a framework for relating the major structures 
along the DST to the irregularities of its trace. 

5 Lateral Motion and Deformation Along the Dead Sea Transform
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 In particular, the formation and growth of a string of deep depressions along the 
southern part of the DST expresses its predominantly transtensional character that is 
predicted by the plate kinematics. These basins accommodate most of the oblique sep-
aration of its fl anks which increases as the lateral motion along the DST progresses. In 
contrast, along the northern part of the DST, where plate kinematics predicts transpres-
sion, the deformation is very different and extends some distance into the DST fl anks. 
The expected shortening normal to the DST trace is accommodated by folds with axes 
sub-parallel to the main DST fault and especially by rotation of fault blocks on vertical 
axes, which is proven by paleomagnetic data. It turns out that the latter type of defor-
mation leads to a result not appreciated before: it can increase the N-S length of the 
western DST fl ank, which in turn will produce left lateral shearing along the junction 
with the undeformed Levant basin (see  5.5.2.4  and Fig.  5.7 ). This comes at the expense 
of the lateral motion along the main DST faults, which may well explain the decrease 
of the lateral offset observed along the northern part of DST (see  5.3 ). 

 Thus, qualitatively the observed structures can produce the effects expected from 
plate kinematic considerations, but like in many places in the world is diffi cult to 
constrain. Therefore it cannot be ascertained that the observed structures indeed 
agree quantitatively with the plate kinematic predictions, especially regarding the 
northern part of the DST (e.g. the ca. 30–40 km shortening perpendicular to the 
DST across the Lebanon segment or the apparent northward decrease of the lateral 
offset). This diffi culty led to many discussions, but it cannot be taken as an argu-
ment against the occurrence of large lateral motion along the northern part of the 
DST (as suggested e.g. by Dubertret  1970 ). Rather it refl ects incomplete quantita-
tive understanding of the te observed structures − a frequently encountered diffi -
culty. This remains a major challenge for future research. 

 The northernmost (Turkish) segment of the DST requires separate treatment. 
Since the structures of the Turkish segment are the direct continuation of the DST 
farther south, and they are the only known structures that could have taken up the 
lateral DST offset documented just south of them, they are considered to have been 
in integral part of the DST during its early history. However, ca. 4 Ma ago the plate 
confi guration and motions in that region changed when the westward extrusion of 
Anatolia became important and the East Anatolian FZ formed. This affected the 
northernmost portion of the DST, so now it is no longer a part the Sinai-Arabia plate 
boundary. Though the young kinematics in this area is insuffi ciently known, it 
appears that the Amanos Block – its western fl ank – was decoupled from the Sinai 
plate and tended to join the Anatolian plate (i.e. the Cyprus arc). Originally this 
block was probably attached, though perhaps not rigidly, to the western DST fl ank, 
given the Miocene age of the Hatay graben and the Nahr el-Kebir graben south of 
it. The young tectonic changes obscured the structural relations in this region during 
the early stages of the DST history, including its interaction with the Alpine oro-
genic belt. Much more data are required to resolve these issues. 

 In summary, the Sinai-Arabia plate kinematics provides a useful framework for 
analyzing the history and deformation along the DST and its fl anks, though many 
issues need further study. However, full understanding of the structure – e.g. the 
fault arrangement, the partitioning of deformation between different structures, the 
width of the deformed zones, and changes in the structure with time – requires 
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dynamic modeling that takes into consideration the mechanical properties of the 
crust (and the entire lithosphere), the regional stress fi eld, igneous activity, and other 
processes in the underlying mantle.     
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