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Abstract. Geometric analysis shows that motion 
of sets of strike-slip faults should cause block 
rotation; otherwise the distorted fault domain 
would not fit with its surrounding. The sense of 
the block rotation depends on the sense of fault 
slip and the spacing and orientation of the 
faults, all of which can be obtained from struc- 
tural data. The predictions of the geometric 
model can then be independently tested by paleo- 
magnetic measurements. The model was tested in 
northern Israel. Structural data reveal several 

domains of contemporaneous right- and left- 
lateral strike-slip faults. Paleomagnetic 
measurements show that in a domain of NNW 

trending left-lateral faults, blocks rotated 
23.3o+8.2 ø clockwise, and in a domain of right- 
lateral faults, blocks rotated 22.4o+9.0 ø anti- 
clockwise. These results are in agreement with 
the prediction of the geometric analysis of the 
structure. The combined results of the hetero- 

genous deformation of the area resembles a pure 
shear which allows N-S extension by about 1.3. In 
other domains, rotations of 34.6ø+9.1 ø and 
53.1ø+11.0 ø were found. In their original orien- 
tation the left- and right-lateral faults inter- 
sected at angles of 60o-70 ø , enclosing the prin- 
cipal axis of shortening, in accordance with 
theories of brittle failure. As a result of block 

rotations, this angle is now larger and may reach 
110 ø. The results demonstrate large block rota- 
tions, in different senses, in domains of strike- 
slip faults. The independent structural and 
paleomagnetic data can be interpreted within the 
framework of a simple geometric model. Northern 
Israel is considered to be a good model for this 
efficient mechanism of intraplate deformation, 
which is expected to occur in similar tectonic 
settings elsewhere. 

Introduction 

It has long been recognized that fault blocks 
in strike-slip tectonic domains must progressive- 
ly rotate on vertical axes as the overall strike- 
slip motion continues. Two direct consequences of 
this deformation mechanism are that (1) slip on 
each of the faults within a domain must be 

related to the rotation of the blocks, and (2) 
the faults themselves must also rotate because 

they are the boundaries of the blocks (Figure 1). 
This idea was applied to several areas of strike- 
slip tectonics in eastern Iran [Freund, 1970a], 
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New Zealand [Freund, 1971], the Dead Sea 
transform [Garfunkel, 1970], Mojave Desert, Cali- 
fornia [Garfunkel, 1974], southern California 
[Luyendyk et al., 1980], and SE Sinai [Frei, 
1980]. The geometric relations were discussed by 
Freund [1974], Garfunkel [1974], and MacDonald 
[1980], who showed that rotation of blocks and 
strike-slip displacement are two different, but 
contemporaneous, aspects of a single deformation 
process. When the blocks remain rigid, the model 
predicts a quantitative relationship between 
fault spacing, slip, and block rotation. Thus in 
areas where fault spacing and net slip can be 
constrained geologically, paleomagnetic measure- 
ments may be used to test the sense and amount of 
rotation predicted by the model. 

R. Freund recognized northern Israel as a 
promising site for such an independent test and 
proposed to carry out a systematic paleomagnetic 
study of the Upper Cretaceous and Tertiary lime- 
stones and volcanics. The study began shortly 
before Freund's untimely death in 1980. On the 
basis of the structural data available in 1978, 
Freund predicted a 20 ø clockwise rotation of the 
left-lateral faults and 15ø-20 ø anticlockwise 

rotation of the right-lateral faults. The paleo- 
magnetic measurements reported in this paper 
confirm the predicted rotations and thus strongly 
support the structural model. Consequently, we 
conclude that the rigid block model is valid for 
the Galilee-Lebanon tectonics and that it may be 
valid in similar tectonic settings elsewhere. 

Theoretical Considerations 

Brittle fracture criteria [Anderson, 1951; 
Jaeger and Cook, 1969] suggest that strike-slip 
faults form when the smallest and largest princi- 
pal tectonic stresses are horizontal and the 
intermediate stress is vertical. Two conjugate 
fault sets are predicted. The original configu- 
ration must change with subsequent progressive 
deformation. These changes were observed in clay 
cake experiments and were studied theoretically. 
Hoeppener et al. [1969], studying a clay cake 
overlying a rubber sheet deformed both in simple 
shear and in pure shear, found that with increa- 
sing overall strain the two fault sets rotated in 
opposite directions away from the axis of maximum 
shortening, so that the angle between them in- 
creased. Furthermore, distinct domains gradually 
evolved in which most of the slip occurred only 
on one of the two fault sets. In a simplified 
geometrical model of rigid fault blocks, Freund 
[1970a, b, 1974] and Garfunkel [1974] showed that 
in order to remain in contact with the boundary 
of the fault domain the blocks must rotate and 

that the sense of rotation would be opposite to 
the sense of the fault slip (Figure 2). In this 
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ROTATION OF BLOCKS BORDERED BY TWO SETS OF is more complex because of the rotation. In addi- 
STRIKE SLIP FAULTS tion to shearing, the dimensions of the domain 

A, Initial configuration 
B. After deformation 

B 

parallel and perpendicular to its boundary 
change, according to (lb). Deformation resembling 
pure shear can arise when the boundary separating 
two domains of conjugate faults bisects the angle 
between the faults and retains its direction. 

Then, as deformation progresses, the faults 
rotate so that the angle enclosing the principal 
axis of shortening increases. The termination of 
the faults of a given set at their domain bounda- 
ry may be complex. In clay experiments, Hoeppener 
et al. [1969] found that faults tend to terminate 
by bending so that strike-slip motion is trans- 
formed to dip slip or to diffuse deformation. 
Freund [1974] also showed how faults could termi- 
nate by splaying. In these cases, fault rotations 
may diminish toward fault ends. 

The above models can be rigorously tested in 
areas where domains of strike-slip faults are 
observed and the blocks are fairly rigid. If the 
model is correct, we should find the quantitative 
relations of (la). As noted previously, the 
amount and sense of fault slip and the fault 
spacing can be measured in the field. However, in 
several previous studies [Freund, 1970a, b, 1974; 
Garfunkel, 1974] the amount and sense of rotation 
of the blocks between the faults remained elu- 

sive. With the advent of high sensitivity magne- 
tometers providing accurate paleomagnetic meas- 
urements even on very weakly magnetized rocks, it 
now has become possible to measure this kind of 
rotation. We selected a well-studied, heavily 
faulted site in northern Israel to test the model 

and to determine to what extent it represents 
actual crustal deformation. 

Structure 

General Setting 

Northern Israel is an intensely faulted area 
Fig. 1. A 3-D model which illustrates the simul- bordering on the bent segment of the left-lateral 
taneous activity of strike-slip displacement and 
rotation of the faulted blocks. (a) The initial 
configuration. (b) After deformation. A set of 
left-lateral faults rotates clockwise and a set 

of right-lateral faults rotates anticlockwise. 

case, the geometrical relation between the dis- 
placement d along a fault (positive when right 
lateral), the width w of the faulted block, the 
initial angle • between the faults and the 
boundary of the domain, and the angle of rotation 
• (positive when anticlockwise) is given by 

sin • 

d/w = = cot (•-•) - cot • (la) 
sin • sin (•-•) 

The length of the faulted domain parallel to its 
boundary on which the faults terminate changes by 
the ratio 

sin (e - 6 ) 

1/10 = (lb) 
sin e 

See also Figure 2. 
The deformation within any single fault domain 

is simple shear, but when viewed externally, it 

Dead Sea transform fault system (Figure 3). The 
bend of the transform is an obstacle to lateral 

plate motion, so that its continuation is 
expected to give rise to local stresses and 
deformation, which are not found along straight 
segments of the transform [Quennell, 1959; Freund 
et al., 1970]. It is likely, therefore, that the 
fault structure of northern Israel is related to 

the activity of the transform. The rocks exposed 
in the study region (Figure 3) are mainly shallow 
water marine carbonates of middle Cretaceous to 

Eocene age [Picard and Golani, 1965]. A few areas 
are overlain by Miocene and Pliocene basalts 
interbedded with some sediments [Schulman, 1962; 
Steinitz et al., 1979]. Here the Late Cretaceous 
to mid-Cenozoic Syrian arc folding [Krenkel, 
1924a, b] produced only mild structures with dips 
rarely reaching 10 ø. This deformation indicates a 
regional WNW-ESE compressive stress. 

A younger tectonic regime was established in 
the Neogene when the continental breakup of Sinai 
and Arabia began, creating the Dead Sea transform 
and the Red Sea and causing widespread basaltic 
volcanism. This phase led to intensive faulting 
in northern Israel. 

Two phases of faulting can be distinguished: 
during the first phase, strike-slip faults pre- 
dominated, and during the second phase, normal 
faulting occurred in the region. 
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Age of Faulting Phases 

Stratigraphic relations and age determinations 
of Neogene volcanics show that first phase of 
strike-slip faulting occurred during late Miocene 
to early Pliocene times and that the second phase 
of normal faulting took place in post-middle 
Pliocene times. Thus the strike-slip faulting 
displaces middle to upper Miocene sediments and 
basalts [Saltzman, 1964; Steinitz et al., 1979; 
H. Ron and Y. Eyal, unpublished manuscript, 1984] 
in various parts of the area. On the other hand, 
the strike-slip faults are truncated by an ero- 
sion surface [Saltzman, 1964; Ron and Eyal, 
1981], which is covered in places by 3.0-3.5 Ma 
old basalts [Mor and Steinitz, 1982]. This con- 
strains the age of the strike-slip faulting and 
shows that the various fault sets are practically 
contemporaneous. The normal faults displace the 
erosion surfaces as well as the basalts which 
cover it. This shows that the normal faults were 

formed in post-middle Pliocene deformation phase, 
which is distinct from, and younger than, the 
phase of strike-slip faulting. 

Strike-Slip Fault Structures 

The strike-slip faults define three structural 
provinces: Galilee and southern Lebanon, Mount 
Carmel, and Tiberias (Figure 3). 

1. In the Galilee and southern Lebanon prov- 
ince, two domains of subparallel strike-slip 
faults are found: one of NE trending right- 
lateral faults and another domain of NNW trending 
left-lateral faults [Renouard, 1955; Freund,1970b]. 

The sense and magnitude of the fault displace- 
ment are deduced from offset rock bodies [Ron, 
1978], the offset of an older fold axis [Eliezri, 
1965], and structural features such as rhomb- 
shaped pull apart openings, horizontal slicken- 
sides, vertical fault planes, and alternation of 
the sense of vertical throw along the faults. The 
range of lateral displacement in the left-lateral 
domain is 600-3300 m and block width is 900-4700 

m; the ratio d/w of (la) has a typical value of 
about 0.7. In the right-lateral domain the range 
of horizontal displacements is 300-900 m, while 
the block width is 400-1250 m, which gives a 
value of d/w of about 0.7. The faults of the two 
domains terminate by splaying and by bending 
toward an eastwest orientation. This reduces the 

amount of horizontal displacement and changes it 
to dip-slip normal displacement. 

There is little internal deformation of the 

carbonates within the faulted blocks. Therefore 
the faulted blocks are considered to have re- 

mained practically rigid during fault motion. As 
the two fault sets are of the same age, we con- 
sider them to be conjugate sets. The fault orien- 
tation indicates a general east-west shortening 
and north-south elongation. It is noteworthy that 
the angle between the conjugate fault sets is 
about 105 ø in the quadrant of the principal axis 
of shortening and compression. 

Complementary information about the style of 
deformation was obtained from mesoscopic structu- 
ral elements (tectonic stylolites, small faults, 
and calcitic veins) [Ron and Eyal, 1981; Eyal and 
Reches, 1983]. These are good indicators of 
paleostrain and paleostress [Choukroune, 1969; 
Wartolowska, 1972; Hancock and Atyia, 1979; 
Letouzey and Tremolieres, 1980; Marshak et al., 
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•ig. 3. A generalized geologic map of the investigated area which demonstrates the 
various faulted domains of right and left strike-slip faults. Note the large angles 
of the conjugate sets through the direction of maximum compression in Galilee and 
Carmel. The numbered symbols are sites of paleomagnetic sampling: solid squares, 
Cretaceous Galilee; open squares, Cretaceous Carmel; open circle, Miocene in 
Tiberias province; solid circle, Pliocene in Tiberias province; and solid triangle, 
Pliocene in the Golan. 

1983]. The mesoscopic structural elements in the 
Galilee province mimic the geometry and nature of 
the major faults systems, but right-lateral and 
left-lateral microfaults are equally and uni- 
formly distributed and do not define distinct 
domains as do the large faults. The kinematic 
interpretation of the mesoscopic structural ele- 

ments array indicates the orientation of the 
paleoprinciple stress axes. These are in accord- 
ance with the sense of slip along the major fault 
sets. 

The structure of the Galilee, which comprises 
sets of subparallel strike-slip faults, is analo- 
gous to our geometric model (Figures 1 and 2). 
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Fig. 4. Orthogonal vector plots for Cretaceous rocks during stepwise demagnetiza- 
tion. Temperatures in degrees Celsius and af values in milliteslas are noted next to 
the appropriate points. The solid circles represent the north and down component, 
and open circles represent the north and east or west component. Sample C73 is 
basalt, GC156A is a dolomite, and C35A is a chalk. 

Therefore block rotations are expected: anti- 
clockwise in the right-lateral domain and 
clockwise in the left-lateral domain. The value 

of d/w in this area further suggests that rota- 
tion of about 20o-30 ø took place. 

2. Mount Carmel composes an independent 
structural province, delimited by the major 
oblique dip slip Carmel fault (Figure 3). The 
southern part of Mount Carmel is dissected by N-S 
trending left-lateral strike-slip faults that 
compose a distinct fault domain. These faults 
produce N-S elongated rigid faulted blocks. 
Evidence for the sense and magnitude of fault 
motion can be inferred from offset Upper Creta- 
ceous volcanic edifices [Sass et al., 1977; Sass, 
1980] and from associated structural features 
such as are found in the Galilee. Lateral dis- 

placements are in the range of 1300-2900 m, while 
block width is 800-2100 m. Thus the typical value 
of the ratio d/w from (la) is about 1.4-1.6. 

The mesoscopic structural elements of Mount 
Carmel compose two equally developed sets of 
fractures with right- and left-lateral slip. The 
latter is parallel to the major left-lateral 
faults. According to our geometric model, 
clockwise rotation is expected, and in view of 
the d/w value its amount should be about 30o-40 ø . 

3. In the Tiberias province (Figure 3) 
Schulman [1962, 1981] shows that the middle to 
upper Miocene sediments and basalts underwent 
intensive deformation by horizontal shear in a 
compressive stress field which operated during 

the end of the Miocene and early Pliocene.times. 
Our structural data strongly support his 

observations and show that strike-slip motions on 
closely spaced faults were important in this 
area. Here two sets of mesoscopic faults with 
lateral slip are developed in the Neogene vol- 
canics and sediments [Ron and Eyal, 1981]: one 
comprises N-S trending left-lateral faults and 
the other comprises WNW trending right-lateral 
faults. Large faults with similar orientation are 
also developed, but in the absence of suitable 
markers it could not be determined whether impor- 
tant lateral motion did or did not take place on 
these faults. In the young phase some faults had 
a normal dip-slip displacement. If the mesoscopic 
structures reveal that the dominant type of de- 
formation was by horizontal slip, then our geo- 
metric model indicates either left slip on N-S 
faults without block rotation (because the faults 
are parallel to the domain's boundary) or anti- 
clockwise block rotation if the WNW right-lateral 
faults were the most important. The magnitude of 
rotation cannot be estimated in the absence of 
data. In both cases the overall deformation of 

the area is shearing parallel to the nearby left- 
lateral Dead Sea transform. 

Normal Faults Structures 

These younger fault systems comprise generally 
E-W trending normal faults whose scarps are well 
expressed in the topography. In the Galilee 
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Fig. 5. Plot of normalized intensity (J/Jo) versus temperature for sample GC156A 
and versus af peak field for samples C73 and C35A. 

province!•the:•normal faulting produces E-W horst 
and graben.•structures [Freund, 1970b] and con- 
tributes a;•vertical component to some older 
strike-slip•faults by rejuvenating them. In the 
Mount Carmel province this phase led to the gene- 
ral uplift of the province. In the Tiberias 
province the E-W normal faults produce southward 
tilted blocks•[Schulman, 1962]. This young defor- 
mation Produced an overall N-S elongation. Rota- 
tions about vertical axes due to the normal 

faulting phase are not expected. 
In summary, the strike-slip fault structure in 

northern Israel fits the basic requirements of 
the proposed model: 

1. The fault occurs in distinct domains of 

elongated and essentially rigid blocks, while the 
Dead Sea transform serves as their fixed bounda- 

ry. In this situation block rotations are 
expected. 

2. The common age of the fault and the meso- 
scopic structures suggest that they are conjugate 
systems. 

3. The model shows the expected sense of 
rotation on the basis of the sense of fault slip. 
Data on fault spacing and offsets further allow 
prediction of the magnitude of the expected block 
rotation. 

Paleomagnetic Study 

The prediction that strike-slip motion on 
fault sets must be associated with block rotation 

was tested in this study by careful paleomagnetic 
sampling and analysis of the blocks which were 
supposed to have rotated. Fifty two sites were 
sampled in the Galilee and Mount Carmel prov- 
inces. The sites were chosen inii•l) blocks bor- 
dered by right-lateral strike-slip faults, (2) 
blocks bordered by left-lateral strike-slip 
faults, and (3) blocks bordered by normal faults 
at the western termination of the strike slip 
domains (Figure 3). Most of the samples were 
dolomites, limestones, and chalks ranging in age 
from Albian to Toronian, all within the long 
Cretaceous normal period. To increase the reli- 
ability of the measurements, we sampled fine- 
grained (micritic) rocks in order to eliminate 
the influence of late diagenetic effects. Also 
where available, we sampled broadly coeval Creta- 
ceous basalts and, at one site, limestones from a 
baked contact. 

In the Tiberias province, samples of Miocene 
and Pliocene rocks were taken from sites where K- 

Ar ages are available [Steinitz et al., 1979; Mor 
and Steinitz, 1982]. These include 13 sites of 
Miocene basalts and interbedded red siltstone and 
17 sites of Pliocene basalt flows. East of the 

rift valley, in the Golan, 12 Pliocene basalt 
flows were sampled (Figure 3). Bedding attitude 
for all sites was carefully determined and was 
usually a few degrees, never exceeding 150. All 
samples were collected via field-drilled cores, 
using a sun compass to orient the volcanic rock 
samples. The accuracy of sample orientation is 
estimated at 2 ø for this method. 
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TABLE 1. Summary of Paleomagnetic Data From Galilee Province 

Bordering Inc, Dec, 
Site Rock Fault Age deg deg •95 K N 

1 dolomite normal Cenom. 21.5 335.3 9.2 53.7 6 

2 chalk normal Cenom. 18.6 339.8 18, 1 14.6 6 
3 limestone ? Tour. 12.6 338.1 7.1 88.9 6 
4 dolomite dex. Cenom. 5.0 322.1 7.2 71.5 7 
5 dolomite dex. Cenom. 3.0 301.2 20.9 14.4 5 

6 dolomite dex. Cenom. 18.1 324.7 4.3 153.6 8 
7 limestone sin. Tour. 10.3 4.7 9.0 56.9 6 
8 dolomite sin. Cenom. 27.0 351.8 17.0 30.2 4 

9 dolomite sin. Cenom. 31.5 7.0 20.9 20.2 4 
10 dolomite sin. Cenom. 25.8 1.3 15.5 25.2 5 
11 dolomite sin. Cenom. 25.3 0.0 11.1 48.6 5 

12 dolomite sin. Cenom. 12.0 1.2 37.7 11.7 3 

13 chalk sin. Cenom. 42.7 357.9 6.3 114.6 6 

14 chalk sin. Cenom. 12.9 4.4 15.4 19.8 6 

Dec, declination; Inc, inclination; •95, radius of 95% confidence in degrees; K, 
precision parameter; N, number of samples; Cenom., Cenomanian; Tour., Touronian; 
sin., sinistral; dex., dextral. 

Remanent magnetization of all the samples was 
measured using a two-axis superconducting magne- 
tometer. All specimens were progressively demag- 
netized by alternating field (af) or thermal 
method. The af demagnetization was done inside 
the magnetometer, in a field range from 5-80 mT, 
using a two-coil system. Thermal demagnetization 
was done using a Schonstedt TS-1 shielded furnace 
apparatus. After thermal demagnetization the 
specimens were demagnetized at 5 mT before remea- 
suring. 

As a result of the first round of natural 

remanent magnetization (NRM) measurements, 20 
sites of carbonates were judged magnetically too 
weak or unstable and were excluded from futher 

study. Eight carbonate sites showed erratic 
behavior and a combination of very high coercivi- 
ty with extremely low unblocking temperature 
(100øC-200øC) of the NRM. This might suggest that 
remanence is controlled by ferromagnetic goethite 
[Hedley, 1971; Heller, 1977], whose Curie point 

is below 110øC. Samples which were suspicious as 
containing goethite as a dominant magnetic car- 
rier were rejected from further paleomagnetic 
analysis. 

The samples from the remaining 24 sites 
(Figure 3) of Cretaceous carbonate and basalt 
rocks from the Galilee and Mount Camel provinces 
yielded stable, reliable measurements. Figure 4 
shows orthogonal vector plots typical of the 
samples with stable characteristic magnetization. 
Polarities of all Cretaceous samples were normal. 
The intensity curves J/Jo versus thermal treat- 
ment and af peak field are shown in Figure 5. A 
characteristic direction was determined for each 

sample using the demagnetization vector trajecto- 
ries. For 30% of the samples, which were thermal- 
ly demagnetized, a least squares estimation was 
used to obtain the characteristic direction. Site 

means were calculated by the Fisher's [1953] 
statistical method (Tables 1 and 2). 

The basalt samples of Miocene and Pliocene age 

TABLE 2. Summary of Paleomagnetic Data From Mount Carmel 

Bordering Inc, Dec, 

Site Rock Fault Age deg deg •95 K N 

1 chalk oblique sin. Cenom. 27.3 355.5 
2 chalk oblique sin. Cenom. 15.9 350.4 
3 dolomite oblique sin. Cenom. 24.5 342.6 
4 dolomite oblique sin. Cenom. 26.3 346.6 
5 basalt sin. Tour. 8.9 4.6 
6 backed limestone sin. Tour. 22.9 14.3 
7 basalt sin. Cenom. 15.1 15.1 
8 basalt sin. Cenom. 2.3 21.2 

9 basalt sin. Cenom. 2.0 15.9 

10 basalt sin. Cenom. 29.2 5.8 

17.5 15.6 6 

6.2 80.5 8 

9.9 47.0 6 

5.2 164.8 6 

4.3 243.9 6 
12.6 29.1 6 

4.6 143.7 8 
4.2 254.8 6 

3.6 239.1 8 
5.9 246.9 4 

Dec, declination; Inc, inclination; •95, radius of 95% confidence in degrees; K, 
precision parameter; N, number of samples; Cenom., Cenomanian; Tour., Touranian; 
sin., sinistral. 
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from the Tiberias province and the Golan present 
very stable magnetic behavior. Most of the sam- 
ples show a single component vector; however, 
some samples have a soft overprint of the recent 
geomagnetic field. Typical orthogonal vector plot 

and intensity curves J/Jo versus af peak field 
are shown in Figures 6a and 6b. A characteristic 
direction for each sample was determined by using 
the af demagnetization experiments. Site means 
were calculated using Fisher statistics (Tables 

TABLE 3. Summary of Paleomagnetic Data From 
Tiberias Province 

TABLE 4. Summary of Paleomagnetic Data 
From Tiberias Province 

Site Rock Inc, Dec, •95 K N 
deg deg 

Site Inc, Dec, •95 
deg deg 

K N 

1 siltstone -23.9 130.3 

2 basalt 

3 basalt 
4 basalt 

5 basalt 

6 basalt 

7* basalt 

8 basalt 

9* basalt 
10 basalt 

11 basalt 
12 basalt 

13 basalt 

3.3 248.7 8 

-47.7 127.4 3.4 399.5 6 

-25.0 139.4 4.3 247.1 6 
-40.4 128.9 10.7 74.8 4 
-36.4 114.7 5.7 113.3 7 

37.3 276.9 14.1 77.1 3 

29.7 14.1 5.7 178.6 5 

68.5 330.6 1.3 1705.4 8 
32.9 14.2 2.5 955.3 5 
74.1 320.2 2.1 1059.1 6 

54.7 331.3 5.4 127.8 7 
63.1 333.1 5.4 129.3 7 

36.7 327.2 5.4 290.2 4 

Dec, declination; Inc, inclination; •95, 
radius of 95% confidence in degrees; K, precision 
parameter; N, number of samples. All samples are 
of Miocene age from right-lateral faults domain. 

*Sites not included in the final synthesis 
since their mean directions differ by more than 
two standard deviations from the overall mean 

direction. 

1 43.6 359.8 4.2 876.0 3 

2 38.2 1.9 8.0 71.5 6 
3 38.5 357.0 3.6 344.6 6 

4 65.8 330.6 2.2 906.2 6 
5 59.0 331.8 2.2 908.4 6 

6 -47.7 150.4 2.9 533.0 6 
7 -61.5 159.4 1.6 1157.0 8 
8 -57.5 177.7 3.0 514.3 6 

9 -46.9 165.4 6.2 399.6 3 
10 -29.2 135.5 9.9 47.2 6 
11 -45.5 166.2 2.7 503.6 7 

12 52.7 0.4 2.7 600.0 6 
13 -49.6 189.6 3.3 420.6 6 

14 -54.7 175.9 2.7 619.4 6 
15 -43.6 179.8 2.1 1053.6 6 

16 -45.8 184.1 3.5 361.5 6 
17 -42.8 190.8 1.6 2170.4 5 

Dec, declination; Inc, inclination; •95, 
radius of 95% confidence in degrees; K, precision 
parameter; N, number of samples. All samples are 
Pliocene basalt from right-lateral faults domain. 
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TABLE 5. Summary of Paleomagnetic Data 
From the Golan 

Site Inc, Dec, •95 K N 
deg deg 

1 -51.9 166.1 2.1 811.0 7 
2 -52.9 187.4 1.8 1344.0 6 
3* 

4 -44.8 193.3 2.7 600 6 
5 -49.4 199.4 - - 2 
6 -55.3 150.7 1.3 2511.6 6 
7 -52.1 152.1 3.5 369.3 6 
8 -57.2 151.2 2.4 808.4 6 
9 -55.4 155.2 3.0 480.5 6 

10 -34.3 199.2 3.2 451.2 6 
11 -33.7 198.1 2.6 649.8 6 
12 -29.6 206.5 2.9 529.7 6 

Dec, declination; Inc, inclination; •95, 
radius of 95% confidence in degrees; K, precision 
parameter; N, number of samples. All samples are 
of Pliocene basalt. 

*Struck by lightning. 

3, 4, and 5). By the same method the site means 
were averaged to give the mean paleomagnetic 
direction of each age unit, separately for the 
Tiberias province and the Golan. Polarities for 
both Miocene and Pliocene rocks from the Tiberias 

province were mixed, both normal and reversed and 
showing antipolar directions. The polarities and 
the K value for these two groups of sites indi- 
cate full elimination of secular variation. The 

Pliocene rocks from the Golan show only reverse 
polarities. These sites are widely distributed 

both horizontally and vertically. The K value for 
this group indicates full elimination of secular 
variations. 

Results and Interpretation 

In order to evaluate the results of the paleo- 
magnetic measurements, they were compared with 
the expected field directions. However, it is 
also important to make the comparisons between 
different fault domains independently of their 
relation to the expected directions of magnetiza- 
tion. The expected field direction for the Creta- 
ceous was derived from four published poles 
[Hicken et al., 1972; Irving et al., 1976a, b] 
and one pole from two studies [Helsley and Nur, 
1970; Freund and Tarling, 1979] with a 95% con- 
fidence oval of 9 ø . The Miocene expected field 
direction is based on 11 published poles with a 
95% confidence oval of 3 ø , and six published 
poles for the Pliocene with a 95% confidence oval 
of 3.5 ø , all from stable Africa [Hicken et al., 
1972; Irving et al., 1976a, b] (Table 6). The 
rotation and flattening were calculated for each 
domain by the method of Beck [1980] and Demarest 
[1983]. 

The data from the Galilee faulted domains fell 

into three õroups (Fiõure 7a). The results from 
three sites show horizontal counterclockwise 

rotation of -22.60ñ9.0 ø , and they are all from 
blocks bordered by riõht-lateral strike-slip 
faults. The mean direction for eiõht sites yields 
horizontal clockwise rotation of 23.30ñ8.2 ø , all 
from the left-lateral strike-slip faulted domain. 
The results of three sites yield the expected 
direction for Upper Cretaceous. These sites are 
from the western termination of the former blocks 

where they are bordered by E-W trendinõ normal 
faults (Table 7) and rotations are not expected. 

The Mount Carmel data (Table 7) fall into two 

TABLE 6. Paleomagnetic Data From Israel and Lebanon: Field Direction 

Reference 
In c, De c, 

Age deg deg •95 K N 

Hicken et al. [1972] and Cretaceous 
Irving et al. [1976a,b]* 

Helsley and Nur [1970] Cretaceous 
and Freund and Tarling 
[1979] 

Hicken et al. [1972] and Miocene 
Irving et al. [1976a,b]* 

Nur and Helsley [1971] Miocene 
(Tiberias province) 

Hicken et al. [1972] and Pliocene 
Irving et al. [1976a,b]* 

Nur and Helsley [1971] Pliocene 
(Tiberias province) 

Greõor et al. [1974] Pliocene 
(Lebanon) 

17.6 338.3 9.1 103.1 5+ 

15.3 338.6 10.9 16 10 

47.3 6.5 2.9 273.1 

32.4 289.8 12.7 14.0 

1 O+ 

].9+ 

49.4 7.2 3.5 171.1 6+ 

41.0 327.9 26.0 9.6 5 

46.2 1.6 7.7 121.3 16 

Dec, declination; Inc, inclination; c95 , radius of 95% confidence in degrees; K, 
precision parameter; N, number of sites. 

+Number of samples. 
+Number of poles. 
*Ottawa list, expected. 
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Galilee 

N 

Carmel B 

Cretaceous expec+ed 

Mean of unrotated blocks 

Mean of blocks bordered by 
right lateral faults 

Mean of blocks bordered by 
left Ioterc]l faults 

1 Cretaceous expected 

2 Mean of Carmel north 

3 Mean of Carmel south 

Blocks bordered by left 
lateral faults 

Fig. 7. Lower hemisphere steriographic projection of the mean directions of paleo- 
magnetic vectors of Upper Cretaceous carbonates and basalts from distinct faulted 
domain in Galilee and Mount Carmel. Small ovals are the 95% confidence area about 

the mean. 

groups (Figure 7b): one group including six sites 
of Cretaceous basalts and carbonates yields 
34.6ø•9.1 ø horizontal clockwise rotation. The 
sites are located in faulted blocks bordered by 
north-south trending left-lateral strike-slip 
faults, from the southern part of Mount Carmel. 
The second group including four carbonate sites 
from northern Mount Carmel yielded the expected 
unrotated direction for the Upper Cretaceous. All 
data are presented in Table 7. 

Several reasons led us to conclude that secu- 

lar variation is adequately averaged for the 
carbonate data group. 

1. The sites are widely distributed horizon- 
tally and the time interval represented by the 
samples is much longer than the longest period of 
secular variation of the geomagnetic field which 
is probably less than 0.1Ma [Harrison, 1980; 
Magill et al., 1981]. 

2. A typical K precision parameter for a 
Cretaceous basalt site is 250, while for a 
carbonate site it is just 37. The difference 

TABLE 7. Compilation of Paleomagnetic Field Direction From the Investigated Faulted 
Domains 

Location Age Inc, Dec, •95 K N R:bAR FñAF 
deg deg 

Galilee unrotated Cret. 17.6 337.7 5.1 260.4 3 -0.6•8.2 
Galilee unrotated Cret. 17.6 337.7 5.9 31.6 18' -0.6•8.5 

Galilee sin. Cret. 21.1 1.5 5.1 143.1 8 +23.358.2 

Galilee sin. Cret. 22.0 1.4 6.9 34.3 14' +23.2*9.0 

Galilee dex. Cret. 8.0 315.7 7.0 20.8 19' -22.459.0 
Carmel north Cret. 23.6 348.8 8.2 126.5 4 +10.559.7 

unrotated 

Carmel south sin. Cret. 14.1 12.7 7.2 87.1 6 +34.659.1 
Tiberias 

province 
Tiberias 

province 
Golan 

0•15.1 

0-15.7 

-3.5514.9 
-4.4516.3 

+9.6ñ17.0 
-6.0517.4 

+3.5ñ17.0 

Mioc. 50.3 313.4 12.7 13.9 11 -53.1511.0 -3.4ñ11.3 

Plio. 49.5 351.0 6.3 32.8 17 -16.2_+8.5 -0.1•8.2 
Plio. 49.1 5.8 10.4 20.2 11 +1. 4511.2 +0. 3511.1 

Dec, declination; Inc, inclination; •95, radius of 95% confidence in degrees; K, 
precision parameter; N, number of sites; Cret., Cretaceous; Mioc., Miocene; Plio., 

Pl•oce•e• dex., dextral; sin sinistral. F = Incex p - InCobs; AF = (AI•b s + AIex p) / , where AI = 2 •95i{ + 3 cos2p; p is the colatitude, wher? tan Inc = 2 cotp; R = DeCob s - DeCexp; AR = (AD•b s + AD•xp) 1/2, where AD = sin- (sin •95/sin 
p); AR and AF were multi•lied by 0.78 [after Demarest, 1983]. 
*Number of samples. 
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TABLE 8. Site and Samples Statistics for 
Carbonate Data Group 

Data Group Site 
Statistics 

ASD deg K 

Sample 
Statistics 

ASD deg K 

Galilee sinistral 9.2 

Galilee unrotated 4.7 

Galilee dextral 12.4 
Mount Carmel north 7.0 

143.1 13.4 34.3 
260.4 11.7 31.6 

28.7 15.6 20.8 

126.5 14.1 43.9 

For explanation, see text. ASD, angular 
standard deviation; K, precision parameter. 

between these values may be the results of the 
great differences in the time span of acquisition 
of the magnetization. Whereas a basalt flow is 
magnetized practically instantaneously, a 
carbonate rock represents the depositional and 
the diagenetic time span [Lowrie and Heller, 
1982] which is much longer. The rate of deposi- 
tion of the Cretaceous carbonates is 1 cm/100-200 
years. In such a case a single sample represents 
a few hundred years. Magnetization acquired 
during such a period averages out a portion of 
the geomagnetic secular variations. 

3. In the Cretaceous the angular standard 
deviation expected in northern Israel, using SV 
model D [Cox, 1970] is about 13.5 ø ß If in pre- 
Tertiary times the global secular variation was 
about 15% lower [Brock, 1971], this would lower 
the expected deviation to 11.5%. The angular 
standard deviation of the carbonate data group is 
listed in Table 8, using site statistics and 
sample statistics. The larger dispersion of the 
sample statistics is likely to represent the 
secular variation better. The dispersion of the 
site statistics is smaller than expected because 
a considerable portion of the secular variation 
is probably already averaged out within indi- 
vidual site means. The K values (Table 8) of 
sample means and site means also point to this 
conclusion. That is why typical results of 
carbonate sites have a small K and large 95 
within the site and a large K and smaller 95 
among the sites. 

The mean direction of the Miocene rocks from 

Tiberias province yielded a counterclockwise 
rotation of 53.1ñ11.0 ø (Figure 8 and Table 7). 
Two sites were not included in the final synthe- 
sis since their mean directions differ by more 
than two standard deviations from the overall 

mean direction. The mean direction of the Plio- 

cene rocks from the Tiberias province shows coun- 
terclockwise rotation of -16.2ø-8.5 ø (Figure 8 
and Table 7). We reanalyzed the data of Nur and 
Helsley [1971], and their data agree reasonably 
with ours (Table 6). It is very likely that lack 
of tectonic control and lack of sites are the 
reasons for their scattered data. The mean from 
the unfaulted Golan area (Figure 8 and Table 7) 
yielded a declination of 1.3 ø , which is 5.9 ø 
counterclockwise away from the expected Pliocene 
declination. Correction of the observed declina- 

tion for the 4.5 ø counterclockwise rotation of 

the Arabian microplate [Garfunkel, 1981] yielded 
the expected value of D = 5.8. Our data agree 
well with the data of Gregor et al. [1974] from 
southern Lebanon. 

Discussion 

The proposed model of rigid block rotation in 
strike-slip tectonics predicts anticlockwise 
rotation for right-lateral sets of faults and 
clockwise rotation for left-lateral sets of 

faults. The amount of the predicted rotation is 
derived from the displacement and spacing data. 

The paleomagnetic data showed that (1) the 
sense of rotation in each domain is as expected 
(Figure 9), and (2) the data confirm the amount 
of the predicted rotation where it could be 
derived independently from the structural data. 
Figure 10 shows the agreement between the pre- 
dicted amount of rotation (as calculated by (la)) 
and the paleomagnetic rotation data. The excel- 
lent agreement between them shows that the defor- 
mation and the kinematics of faulting in the 
strike slip fault domains of northern Israel are 
in accordance with the proposed model. This may 
suggests its general applicability. 

The proposed model also provides a means of 
calculating the amount of the overall strain, 

N 

Tiberias province and Golan 
1 Pliocene expected 

2 Miocene expected 

:5 Mean of Miocene (T•berias) 

4 Mean of Pliocene (T•berias) 

5 Mean of Pliocene (Golan) 

Fig. 8. Lower hemisphere steriographic projec- 
tion of the mean directions of paleomagnetic 
vectors of Miocene and Pliocene basalts and sedi- 

ments from Tiberias and Golan provinces. Small 
ovals are the 95% confidence area about the mean. 

The anticlockwise rotated directions are from 

right-lateral faulted domain, and the unrotated 
direction is from the undeformed Golan area. 
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...-4• expected decl,nahon 

• oDserved decl•nat,on 

C Cretaceous 

M M•ocene 

P Phocene 

-3po30 ' 
35 ø 

35030 ' 
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• P 

Fig. 9. A faults map of the investigated area. Arrows indicate the mean paleo- 
magnetic declination found for the respective faulted domain. The right-lateral 
faults domain has undergone anticlockwise rotation and the left-lateral faults 
domain has undergone clockwise rotation; domains of normal faults yield the expected 
declination. To compare the sense of rotation in each domain, see Figure 1. 

3p ø3 0 

which in many other areas is impossible. We cal- 
culate by (lb) the strain of the faulted domains 
as given in Table 9. The values for Galilee and 
Tiberias provinces domains were estimated respect 
to N-S eastern domain boundaries. For Mount 

Carmel province the value was estimated respect 

to the northern boundary of the domain which is 
striking about 105 ø . 

These results of the overall strain show that 

this simple mechanism of strike-slip faulting is 
a capable and adequate way to achieve a large 
amount of deformation. 
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Clockwise Rotation 
(Left lateral faults) 

40 ø 

8pred 
Anticlockwise Rotation 
(Right lateral faults) ,,,,,• 

4• • C:•O ø 
õ obs. 

i 

Fig. 10. The rotations predicted by the model for some faulted blocks versus the 
observed rotations. The error bars of the observed rotations are the AR values 

listed in Table 7, and the error bars of the predicted rotation are values cal- 
culated from the uncertainty of the width w of the faulted blocks and the amount of 
displacement d. The combination of dma x and Wmi n gives 6max; dmi n and Wma x gives 
6min' Solid line represents full agreement between observed and predicted values. 
Dashed line is line of linear regression of the observed rotation versus predicted 
rotation. GL, GR, GN: Galilee left, right, and normal faulted blocks, respectively. 
CL and CN: Carmel left and normal faulted blocks. GO: Golan. 

We noted earlier that the initial fault con- 

figuration changes during progressive deformation 
and block rotation. The present angle between the 
fault sets in the Galilee is about 105 ø in the 

quadrant containing the principal axis of short- 
ening (Figure 9). When the faults are restored to 
their initial orientations according to the 
paleomagnetic results, it is found that initially 

TABLE 9. The Strain of the Faulted Domains 

%s %e 

Galilee, left-lateral domain 0.72 
Galilee, right-lateral domain 0.73 
Mount Carmel, left-lateral domain 0.67 
Tiberias, right-lateral domain 0.46 

1.39 

1.30 

1.49 
2.17 

they intersected at an angle of about 50 ø to the 
angle, as is predicted by brittle failure 
theories [Anderson, 1951; Jaeger and Cook, 1969]. 
This suggests that deviations from theory may in 
some cases result from block ro•ations and not 

because of the inapplicability of the theory. 
The original orientation of the left-lateral 

faults in Mount Carmel was practically parallel 
to the original orientation of such faults in the 
Galilee. This suggests that when the area was 
first faulted, it was subjected to uniform 
stresses. The difference between the structural 

provinces resulted from subsequent different 
block rotations. This angular reconstruction 
shows that the geometry of faulting indeed 
changes during progressive deformation. The 
overall deformation of the two areas, according 
to this interpretation, resembles pure shear with 
north-south elongation and east-west shortening. 

The large rotations found in the Tiberias 
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province (Figure 9) show that deformation by 
horizontal shearing was very important there. In 
particular, the sense of rotation shows that 
motion on right-lateral faults, now trending WNW, 
was most significant. The different results from 
Miocene and Pliocene basalts identify the 
progression of rotations and show that block 
rotation continued into the early Pliocene. The 
original orientation of the faults in the 
Tiberias province is different from that in the 
Galilee but is concordant with mesostructures 

found in the immediate vicinity of the Dead Sea 
transform in other places [Eyal and Reches, 1983; 
Ron and Eyal, 1981]. In the framework of our 
model this deformation resembles simple shear. 

The cases from the western Galilee, where 
paleomagnetic data showed that block rotation did 
not occur, are also important within the frame- 
work of our model. We mentioned earlier that in 

this area the strike-slip faults of the Galilee 
terminate by bending into E-W trending faults 
that have a normal slip component. Here block 
rotation is not expected, and indeed the declina- 
tions appropriate for Cretaceous times were found 
(Figure 9). In the unfaulted Golan Plateau, rota- 
tion is also not expected, and this too was 
confirmed by the paleomagnettc data (Figure 9). 

Conclusions 

The results of this study show that the magni- 
tude and sense of block rotations predicted from 
structural data (e.g., fault spacing and fault 
slip) agree with values obtained from the inde- 
pendent paleomagnetic determinations. Field 
structural observations in this region with well- 
developed strike-slip faults, and good data on 
fault spacing and fault slip, agree with paleo- 
magnetic measurements giving independent data on 
the rotations of the blocks between the faults. 

The agreement between paleomagnetic rotation data 
and those inferred from offset and spacing data 
in northern Israel is excellent, suggesting that 
the faults and intervening blocks rotated with 
progressive deformation along the levant 
transform. It appears that the rotation of blocks 
and the strike-slip displacement are two quali- 
tative and quantitative contemporaneous aspects 
of a single deformation process. The result sug- 
gests that the rigid fault rotation process may 
be common, or even typical, for transform fault 
systems in general. Fault systems such as those 
in California, New Zealand, and Turkey, to name a 
few, may be particularly attractive sites for 
combined paleomagnetic and structural analysis. 
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