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DEFORMATION ALONG THE YAMMUNEH, THE
RESTRAINING BEND OF THE DEAD SEA
TRANSFORM: PALEOMAGNETIC DATA AND
KINEMATIC IMPLICATIONS
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Abstract. A simple geometrical model
shows that the plate margin along the
restraining bend segment of the transform
plate boundary be deformed in order to
accommodate overlap of the crust. This
model predicts both the maximum width of
the deformed zone and the magnitude of
deformation when the general geometry of
the plate margin is known as well as the
plate slip vector and the amount of
cumulative displacement. This idea has
been tested along the plate margin of the
Yammuneh restraining bend of the Dead Sea
transform. The plate margin has been
deformed by NNE folding parallel to the
restraining bend and by east-west
trending, right-lateral strike-slip
faults. Paleomagnetic measurements yield
counterclockwise rotation of
RtAR=61.0°%9.6° and FtAF=23.4°%17.2°.

The paleomagnetic rotational data and
fault kinematic suggest that the
mechanism which accommodates regional
left-lateral shear is simultaneous right-
lateral strike-slip faulting on secondary
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faults and block rotation. The magnitude
of deformation is the same as that
predicted by the model, which is 16@%
shortening in a direction parallel to the
plate slip vector and negligible deform-
ation in a direction parallel to the
transform. The large amount of rotation
implies that probably more than one fault
set is involved and present day seismic
activity is the current manifestation of
this crustal deformation process. If
this prediction is correct, then the
current deformation of the plate margin
is accommodated by more favorable newly
formed NNW right-lateral strike-slip
faults.

INTRODUCTION

The en echelon geometry and restraining
bend segment are common geometrical
features of strike-slip and transform
faults, such as the San Andreas (Califor-
nia) and the Alpine (New Zealand) faults
and the Dead Sea (Levant) transform, to
name only a few. Continuous slip along
wrench faults typically results in pull-
aparts or pressure ridges in areas of
relative extension or compression,
respectively. The type of deformation is
thus controlled by the sense of displace-
ment versus the sense of the stepping in
en echelon geometry or the sense of
bending of the fault. 1In this paper, by
using simple kinematic and geometrical



654

~+aen

40°E

Fault
Fold

Transform

k {|} ‘l' l ARABIAN PLATE

Collision

= ; = Spreading
v

{

0 100 200 kmn

+ 26w

40°E

Fig 1. General plate tectonic setting of
the Dead Sea transform (modified after
Garfunkel [1981]. The age of the Syrian
arc fold belt is of Upper Cretaceous to
Eocene.

considerations, an attempt has been made
to assess the possible mechanism and
magnitude of deformation of the plate
margin along the restraining bend segment
of the Dead Sea transform (Figure 1).

The Dead Sea transform strikes about
north-south, whereas its restraining bend
segment, the Yammuneh, is striking N3@°E.
The geometry of the plate boundary
(Arabia and Sinai-Israel sub-subplates),
when combined with the 165 km of relative
left-lateral displacement between the
plates, results in a large compressive
component along this segment oblique to
the plate motion slip vector (Figure 1).
If the plates are rigid, geometrical
considerations would predict that an over-
lap between the two plates should develop.
Since in the case of the Yammuneh segment,
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no significant thickening of the crust has
been observed [Beydoun, 1977], it might
be expected that lateral deformation would
take place in order to release the stress
and eliminate the overlap (Figure 2). The
tectonics of oblique transform which cause
transversal shortening can be demonstrated
and summarized in a simple model which
takes into account the geometry of the
plate boundary, the magnitude of relative
displacement, and the orientation of the
plate slip vector. From this model, which
assumes constant geometry through time,
the maximum width of both the plate margin
deformed zone and the magnitude of deform-
ation relative to the plate slip vector
can be established.

From a simple model (Figure 2) it
appears that the width (w) of the deformed
zone is defined by

w=4d sin B (¢

where d is the displacement along the
major fault and B is the angle between the

Fig. 2. The geometrical relation between
d, the displacement along the fault, B, the
angle betweep the fault and the fault slip
vector, and W, the width of the deformed
zone perpendicular to the restraining

bend segment (see Figure 1).
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Fig. 3. Faults and folds map of the plate margin next to the Yammuneh bend

segment of the Dead Sea transform.

strike of the restraining bend segment
and the orientation of the slip vector.
In order to avoid overlap between the
plates the expected shortening of a line
parallel to the plate slip vector should

be half its original length. Various
models for the deformation between en
echelon faults and restraining bend fault
segments have been suggested by Freund
[1974], Kosloff [1977] and Scgall and
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TABLE 1. Compilation of Paleomagnetic Data, Mount Hermon
Site N Inc., Dec., Ogs° K Age, m.y. Polarity
deg. deg. K-Ar
1 6 1.7 290.5 10.30 31.00 114.9 +3.8 N
2 8 -10.2 274.5 7.50 55.44
3 7 27.9 81.5 5.47 122,60
4 6 18.9 86.2 8.67 60.64 118.7 5.3 R
5 7 19.8 108.6 5.51 121.15
6 6 23.2 293.8 12.86 28.08
7 7 -9.8 270.7 9.43 41.96 113.2 3.8 N
8 6 28.9 81.0 7.90 52.03
9 7 -26.0 208.9 6.80 60.54
10 4 -60.9 113.0 1.55 2029.00
11 6 7.8 85.6 5.00 130.20 118.4 1.2 R
12 7 17.9 271.2 4,80 120.75
13 6 3.9 281.4 6.00 90.20
Source: this study. For site location, see Figure 5. N, number of

samples; inc., inclination; dec., declination; ags, radius of 95% confidence
in deg; K, precision parameters; K-Ar, age after More et al. [1984].

Pollard [198@], but these models discuss
mainly the stress field rather than the
deformation.

In order to test the idea that deforma-
tion of the plate margin accommodates and
avoids overlap of the plates the paleo-
magnetism of Cretaceous volcanics and
intrusive rocks from Mount Hermon and
additional paleomagnetic data from Mount
Lebanon [Gregor et al., 1974] were studied.
To assess the extent of regional crustal
deformation, estimation of the degree of
shortening based on a simple kinematic
model of rotating blocks has been calcu-
lated. The area of investigation is the
deformed plate margin of the Dead Sea
transform adjacent to the Yammuneh
restraining fault bend.

GENERAL TECTONICS AND STRUCTURE

The tectonic location of Mount Hermon
and Lebanon on plate margins of oblique
transform [Freund et al, [ 197¢; Hancock and
Atyia, 1979; Freund and Tarling, 1979;
Garfunkel et al.,1981] give rise to a
transpressive regime normal to the
boundary (Figure 3). Restoring the 1@5 km
of sinistral displacement should give an
overlap of about 55 km. Gravity data
[Beydoun, 1977, and reference therein}
have been interpreted to indicate very
recent uplift of the Lebanon and Mount

Hermon ranges, as yet uncompensated
isostatically; therefore, both uplifts are
lack of roots. Moreover, Tiberghien
[1974] calculated the depth to the Moho to
be 27 to 28 km below sea level at the
coast and 39 to 31 km in the Beka'a, with
the crust thickening eastward, which
reflects the regional thickening from the
Mediterranean inland. Therefore the
undetected thickening of the upper brittle
crust suggests that deformation of the
crust should accommodate the overlap.

The topography of the region is dominated
by north-northeast trending mountain
ranges (parallel to the transform) of
Mount Lebanon and Mount Hermon separated
by the Beka'a valley. The ranges reflect
anticlinoria, while the Beka'a reflects
synclinoria. This structure exposes 30@9
m of shallow marine carbonate and sandstone
ranging in age from Middle Jurassic to
Eocene [Dubertret, 1955; Renouard, 1955;
Beydoun, 1977]}. The section also includes
Upper Jurassic to Lower Cretaceous
volcanics and shallow intrusive rocks.
These ages are suggested by Dubertret
[1955], but according to Beydoun [1977],
the age of the volcanic rocks in Lebanon
is Lower Cretaceous. A recent study by
Mor et al.,[1984] using the K-Ar method
suggests that these rocks, at least from
the Mount Hermon range, are of Lower
Cretaceous (Aptian) age (Table 1).
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Fig. 4.

Location map of paleomagnetic sampling sites in the Mount Hermon

region, showing main roads and Israel and international grids.

The dominant structural elements of the
region, as described by Dubertret [1955],
Renouard [1955], Beydoun [1977], and
Hancock and Atyia [1979], are folds and
faults (Figure 3). The scale of folding
ranges from tens of meters to kilometers
and affects rock units from Jurassic to
Pliocene (at least). The majority of
folds trend north-northeast parallel to
the anticlinorium, but to the northwest
of the Mount Lebanon range and in the
Hermon range they trend northeast. The
monoclinal flexure is usually associated
with high-angle reverse faults. Conju-
gate sets of right-~lateral faults trending

northwest to east-west and left-lateral
faults trending north-south to north-
northeast are the dominant faulting
elements (Figure 3). Hancock and Atyia
[1979] suggested that the amount of
shortening achieved by folding and fault-
ing rarely exceeds 1¢#Z and is less than
that which would be anticipated as a
consequence of the north-south left-
lateral displacement along the Dead Sea
transform colliding against the north-
northeast trending Yammuneh segment.
Freund and Tarling [1979] first suggest
that the deformation might be explained
by strike-slip faulting and block rotation
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Fig. 5. (continued)

using Gregor et al.'s [1974] paleomagnetic
data, but their analysis was inconclusive.
A prominent structural element, which
may be significant for the internal defor-
mation of the region is closely spaced
horizontal right-lateral shear faults which
cut throughout the region. This pattern
implies inhomogeneous deformation which
might be accomplished by rotation of the
small blocks. If this is the case, paleo-
magnetic results can provide information
on the amount and sense of the rotatiomns,
and from these the mechanism and amount
of deformation can be inferred [Freund,
1974; Ron et al,, 1984] and can then be
tested against the predicted magnitude of
deformation as derived from the "overlap"
geometrical model (Figure 2).

PALEOMAGNETIC STUDY

Sampling and Laboratory Methods

Fifteen sites of Lower Cretaceous basalts,
gabbro, and pyroclastic rocks (Table 1)
were sampled in the Mount Hermon area

(Figure 4). All samples, at least six
from each of 13 sites were collected via
field drilled cores using a sun compass

to orient the samples. The accuracy

of sample orientation is estimated at 2°
for this method. Two sites of small
gabbroic intrusions were sampled as
oriented hand samples. Bedding attitude
for all sites was carefully determined
from the Jurassic and Lower Cretaceous
sedimentary rocks. Remanent magnetization
of all the samples was measured using a
two-axis superconducting magnetometer.

All specimens were progressively demagnet-
ized by an alternating field (AF). The AF
demagnetization was carried out inside the
magnetometer in a field range from 5 to

8¢ mT, using a two-coil system. For
comparison with the results of the AF
treatment, one sample from each of the 15
sites was stepwise thermally demagnetized
to 67¢°C. TFor each sample, a vector
demagnetization (Figure 5), a normalized
intensity curve (J/J,, Figure 5) and a
lower hemisphere stereonet plot were
obtained in order to assess the magnetic
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behavior. As a result, all samples from
two sites (14, 15) were judged to be
unstable and were excluded from further
study.

About 9¢% of the samples show two
components of magnetization; a low to
moderate coercivity component is usually
removed by AF demagnetization at a peak
field of 2¢-3¢ uT or at a temperature of
3@@°C. This component is most likely a
viscous remanent magnetization (VRM)
which may have been induced by the recent
field or may have been acquired during
exposure of the rocks, probably in the
Late Cenozoic time. The stable and
characteristic magnetization components
of each sample were isolated using
Kirschvink's [198¢] method.

Analysis and Results

Site means were calculated using Fisher
statistics [Fisher, 1953] and plotted on
lower hemisphere stereonet (Figure 6a,
Table 1). This data set which came east
of the transform (the Arabian plate
margin) was compared to the paleomagnetic
data set of Gregor et al [1974]. Gregor
et al,'s [1974] data came from west of the
transform (the Sinai-Israel plate margin)
and were obtained from rocks of the same
age, 60-10® km northwest of the Hermon
area (Table 2, Figure 6b). The two data
sets show both normal and reverse polarity
(Figure 6c) and are, statistically, the
same type of data (Table 3) and therefore
considered as one data group (Figure 6c).
The data set thus defines the average
direction of magnetization of Lower
Cretaceous rocks from the deformed plate
margins next to the Yammuneh fault
segment of the Dead Sea transform.

The mean direction of magnetization
was compared to the expected field direc-
tion for the Cretaceous of stable Africa

Fig. 6. (Opposite) Lower hemisphere
stereographic projection of site mean
directions of paleomagnetic vectors of
Lower Cretaceous rocks: (a) Mount Hermon,
(b) Mount Lebanon and (¢) from Mounts
Hermon and Lebanon together. The two
antipodal ovals are the expected
Cretaceous field direction of magneti-
zation with the 95% confidence area about
the mean. Open circles are of negative
(up) inclination and crosses are of
positive (down) inclination.
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TABLE 2. Compilation of Paleomagnetic Data, Lebanon

Site N Inc., Dec., Ogs5° K
deg. deg.

132 - 138a 7 22.0 80.0 13.5 21
139 - 144 7 15.3 98.4 14.0 24
145 - 150 6 -2.5 95.0 8.8 59
222 - 228 5 11.8 95.8 22.0 13
229 - 235 7 43.6 62.8 17.2 13
237 -~ 292 6 38.7 100.6 8.1 69
243 - 245 4 36.9 86.8 19.5 23
248 - 254 6 27.4 103.1 35.5 5
279 - 290 11 17.5 99.8 5.1 81
120 - 124 5 4,6 130.9 18.8 18
125 - 131 7 -1.8 122.7 11.5 29
181 - 184 4 2.0 125.8 5.2 314
212 - 217 5 -11.8 292.6 29.0 8
270 - 275 6 1.2 131.8 10.0 46
291 - 297 5 6.5 124.0 15.0 27
298 - 306 8 6.4 277.4 6.7 69
307 ~ 315 7 3.1 63.1 20.1 10
322 - 328 7 0.2 132.1 9.6 40

Source: Gregor et al. [1974], site numbers as in reference; for location,
see reference. N, number of samples; inc., inclination; dec., declination;
Cgs, radius of 95% confidence in deg; K, precision parameters.

as calculated by Ron et al, [1984] using large age span (both Lower and Upper
various references (Table 3). The mean Cretaceous), the rotation and flattening
was also compared to Ron and Baer's [1987] were calculated using the southern

data which were obtained from rocks of the Israel data [Ron and Baer, 1987] as a
same age in southern Israel (Table 3). reference. The rotation and flattening
Since the African reference directions were calculated using Beck's [1980]

were obtained from paleomagnetic poles of method as corrected by Demarest [1983].

TABLE 3. Results of Paleomagnetic Data

Location N Inc., Dec., Qgs® K
deg. deg.
Lebanon* 18 13.3 104.7 10.4 10.0
HermonT 12 9.2 90.7 13.3 9.3
Lebanon and Hermon 30 11.7 99.1 8.3 9.4
Ramon’i 28 11.7 340.1 7.3 13.3
Cretaceous 5 17.6 338.3 9.1 103.1
(expected)

N, number of site * or poles; inc., inclination; dec., declination; Qgs,
radius of 95% confidence in deg; K, precision parameters. The reference poles
for the Cretaceous (expected) are in the work by Ron et al. [1984].

*Gregor et al. [1974].

TThis study.

17Ron and Baer [1987].
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Fig. 7.

Lower hemisphere stereographic
projection of all-sites mean directions of
paleomagnetic vectors of Lower Cretaceous
rocks from the Lebanon and Mount Hermon
area showing the sense and magnitude of
rotation.

The results show a significant counter-
clockwise (CCW) rotation of
RtAR=61.0°+9.6° and a significant
flattening of F+AF= 23.4° *17.2°
(Figure 7).

Interpretation

The CCW rotation can be interpreted
elther as the rotation of two coherent
microplates [Gregor et al., 1974] or as
the result of internal rigid deformation
by simultaneous strike-slip faulting and
block rotation [Freund, 1974; Ron et al.,
1984; Wells and Coe, 1985, and others].

There is no structural or tectonic
evidence to support rigid plate rotation
of the area in question; on the contrary,
the plate margins are highly deformed by
sets of east-west trending right-lateral
faults (Figure 3). It is suggested that
the deformation of the plate margins is
accommodated by right-lateral strike-slip
displacement and CCW rotation of the
blocks between the faults by as much as
61°. Restoration of the right-lateral
faults by the amount of rotation from
east-west orientation will orient them to
their inferred original NW trend. Figure
8 shows the mechanism and schematic fault
geometry of the deformed plate margins.
It is important to note that the rotation
of 61° is a value obtained from a rather
large area (Figure 3) and, therefore,
demonstrates a regional average value.

Ron: Deformation Along the Yammuneh

However, the detailed picture is
certainly more complex, since the deforma-
tion is not perfectly homogeneous. This
may also assist us to understand the low
value of K. The dispersion of the data
is higher than expected by secular
variation (SV); nevertheless, it is
believed that the SV of the geomagnetic
field is fully represented because the age
of the rocks covers a long time span, and
they show both normal and reverse polarity
(Table 1) and have been collected from a
large geographical area. It seems likely
that a differential amount of rotation
contributed to the data dispersion. The
measured inclination is significantly
shallower than that expected. The fact
that this shallow inclination has also
been reported by Van Dongen et al. [1967]
and by Gregor et al, [1974] from rocks of
the same age does not support any ambiguity
in the structural correction. There is
also no tectonic evidence to support the
northward translation of this region as a
single microplate, since geological forma-
tions of early Mesozoic age are continuous
from Sinai and southern Israel into
Lebanon and Syria. Furthermore, inclina-
tions obtained from Lower Cretaceous rocks
match the expected in southern Israel
(Table 3). The shallow inclination is
most likely the consequence of rotation
about a slightly inclined axis.

Rotation about an inclined axis can be
the result of displacement along strike-
slip faults with oblique reverse components
and simultaneous faulting and folding or
the consequence of subsequent regional
uplift which probably took place in the
early Pliocene or later.

DISCUSSION

Given the azimuth of the restraining
fault bend and the direction of the rela-
tive plate slip vector, the geometrical
model (Figure 2) predicts the width of
the deformed zone. Combined with the
observed amount of tectonic rotation, the
magnitude of the shortening can also be
predicted in respect to the plate slip
vector. The assessment of these two
parameters may show if the deformation of
the plate margins indeed accommodates the
105 km left-lateral displacement along
the $39° trending restraining bend of
the Dead Sea transform.

The width of the deformed zone is
calculated perpendicular to the Yammuneh
segment which strikes $3@° when the plate
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Conceptual geometrical reconstruction of faulting and rotation of the

investigated area (a) before fault slip and (b) after fault slip.

slip vector strikes 355° [Garfunkel, 1981;
Joffe and Garfunkel, 198l] and the lateral
displacement along the transform is

195 km [Freund et al, 1979]. Using (1),
the predicted width is 55 km. The actual
width of the zone defined by the Mount
Lebanon, Beka'a valley, and Mount Hermon,
perpendicular to the Yammuneh, is also
approximately 55-6@ km [Dubertret, 1955;
Renouard, 1955; Beydoun, 1977]. The
western boundary of the deformed zone is
considered as the Mediterranean passive
margin and the eastern boundary as the

SE flank of the Hermon and Anti-Lebanon
folds. Recently, Roperch and Bonhommet
[1986] investigated the paleomagnetism of
Miocene volcanic rocks 15-2f km east of
Mount Hermon. They concluded that no
tectonic rotation and deformation had
occurred in this area since 2§ Ma. This
observation places a constraint on the
maximum limit of the eastern boundary of
the deformed zone and thus confines the
maximum width of the zone of deformation
to be circa 69 km.

The magnitude of the deformation
accommodated by the E-W right-lateral
strike-slip faulting and the 61° CCW
rotation of the blocks between the faults
can be calculated using simple geometrical
relations [Ron et al., 1984; Garfunkel and
Ron, 1985]. The deformation along a given
line with an initial length, lo, and a
final length, 1, is

A = lo/l= sin(a-8)/sin o (2)

vhere o is the initial angle between the
faults and the line of deformation and §
is the angle of rotation (positive when
counterclockwise), assuming rigid block
rotation. If blocks are internally
deformed, A will be underestimated. The
values of deformation obtained using this
method are shown in Table 4. The degree
of shortening is then defined as 1/X.

The error in 1/A is based on the
uncertainty in the tectonic rotation R of
AR=9.6°. The calculated values of deform-
ation imply that shortening of a given



664

TABLE 4.

Ron: Deformation Along the Yammuneh

Calculated Magnitude Deformation

Azimuth of Ref. Line

Initial Length

Final Length, 1/A

354°, parallel to plate
slip vector

025°, parallel to
Yammuneh segment

055°

+0.10
1.0 0.5

-0.11

+0.12
1.0 1.0

-0.14

+0.17
1.0 2.0

-0.18

See text for explanation.

line parallel to the slip vector is
presently its half initial length, as
predicted by the model (Figure 2) and

that there is no deformation parallel to
the Yammuneh (Figure 2). By using this
method, the three axes of strain, maximum
shortening, and maximum elongation and

the axis of no strain have been calculated
to construct the strain ellipse. Figure 9
demonstrates the strain ellipse of the
deformation, obtained by strike-slip
faulting and block rotation. 1In this
reconstruction the line of no deformation
is parallel to the transform plate
boundary, the line of maximum shortening
coincides with the direction of the plate
slip vector, and the axis of maximum
elongation is 61° clockwise off the axis
of maximum shortening (Table 4, Figure 9).

The approximately 2@Z% uncertainty in the
magnitude of shortening allows for defor-
mation accommodated by other mechanisms
such as folding and tectonic stylolitiza-
tion [Hancock and Atyia, 1979]. It appears
that all these are probably minor
deformational processes, whereas regional
shear and block rotation about a slightly
inclined axis constitute the major process
accommodating deformation along the plate
margins.

Nur et al. [1986] show that the amount
of fault rotation permissible under a
stationary stress field is limited to a
maximum of 45° if blocks are defined by
parallel fault sets. Thus block rotations
larger than 4$°-45° require more than one
set of accompanying faults to accommodate
the block rotation. Garfunkel [1981] and
Joffe and Garfunkel [1987] show that the

difference between the older (late
Miocene) eular pole of the Sinai-Israel
subplate and the younger (Pliocene to
Recent) is no more than 5°. Furthermore,
the irregular geometry of the northern
Dead Sea transform implies that transverse
compression has always been important along
this section and, consequently, implies
that the regional stress field, when
considering the deformation of the plate
margin, is stationary. Therefore
structural analysis of fault geometry in
the area may reveal that the right-lateral
strike-slip faults are actually composed
of two sets of faults: one older set
trending E-W and a second younger set
trending NW. If the seismicity in the
plate margins [Rotstein and Arieh, 1986]
is the manifestation of continuing
deformation processes, then fault plane
solutions of earthquakes on secondary
faults will show right-lateral displace-
ment along NW orienting faults. This type
of current tectonic deformation has been
recently observed and suggested by
Nicholson et al. [1986] within the southern
California.

SUMMARY

The present study predicts and suggests
a deformational mechanism for the plate
margin adjacent to the restraining bend
of transform faults by using first-order
geometrical and kinematic considerations.
The faults from kinematic and paleomagnetic
data strongly support the idea that the
regional shear is accommodated by
secondary faulting and rigid block rotation.
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Fig. 9. The strain ellipse as calculated
and reconstructed from the rotational
data. The axis of maximum shortening is
parallel to the direction of the plate
slip vector and the line of no deformation
is subparallel to the transform plate
boundary.

It also suggests that the magnitude of
deformation is directly controlled by the
geometry of the restraining bend and the
cumulative displacement along the trans-
form fault. The predicted parameters of
deformation can be tested using geological,
structural and paleomagnetic data.
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