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a b s t r a c t
To exploit the potential of anisotropy of magnetic susceptibility (AMS) as a tool to estimate the strain ﬁeld around
major faults, we measured the AMS of calcite-bearing diamagnetic rocks that crop out next to the Dead Sea Fault
(DSF) in northern Israel. Through integrated magnetic and geochemical methods we found that the rocks are
almost pure calcite rocks and therefore the magnetic fabric is primarily controlled by preferred crystallographic
orientation (PCO) with the minimum principal AMS axes (k3) parallel to calcite c-axes. We applied a separation
procedure in several samples with high Fe content in order to calculate the AMS anisotropy parameters and
compare them to pure diamagnetic rocks. AARM, thermo-susceptibility curves and IRM were used to characterize
the magnetic phases. We found that for Fe content below 500 ppm the AMS is mostly controlled by the
diamagnetic phase and showed that differences in the degree of anisotropy P' up to 3% (P' = 1.005 to 1.023)
and in anisotropy difference Δk (up to ~0.25 × 10−6 SI) in diamagnetic rocks are related to differences of strain
magnitudes. The spatial distribution of the magnetic fabrics indicates ~N–S maximum shortening parallel to the
strike of the Hula Western Border fault (HWBF), one of the main strands of the DSF in northern Israel. The
anisotropy parameters suggest that the strain magnitudes increase eastward with the proximity to the HWBF.
These results suggest that the strain ﬁeld near the HWBF is locally deﬂected as a consequence of the DSF activity.
In light of the “fault weakness” model and geological setting of the study area, we suggest that the area accommodates dominant transtension during the Pleistocene. The present study demonstrates the useful application
of AMS measurements in “iron-free” limestones as recorders of the strain ﬁeld near plate boundaries.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Determining the strain ﬁeld around plate-bounding faults is important
for understanding the mechanism of fault activity at the upper crust and
critical for assessing hazards due to fault reactivation (e.g., Nuchter and
Ellis, 2011). Despite the importance of this determination, reconstructing
the strain ﬁeld around major faults obtained by analysis of kinematic
indicators (e.g., fractures, striations, veins, folds) is usually hampered by
the absence of these indicators or their complex interpretation.
The texture of calcite-bearing rocks is considered one of the most reliable strain-sensitive petrofabric indicators, because under tectonic
loading the c-axes of calcite crystals are usually aligned parallel to the
direction of maximum shortening (Bestmann et al., 2000; Borradaile
and Jackson, 2010; de Wall et al., 2000; Rutter and Rusbridge, 1977;
Rutter et al., 1994). This has been observed in laboratory experiments,
when the c-axes of calcite crystals tend to align parallel to the direction
of maximum shortening under loading (Hounslow, 2001; Kamb, 1959;
McKenzie et al., 1996; Neumann, 1969; Patterson, 1973; Tullis and
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Yund, 1982). In such cases, preferred crystallographic orientation
(PCO) may develop in calcite-bearing rocks in association with a variety
of crystal-plastic deformation mechanisms (Bishop, 1953; Bishop and
Hill, 1951; Calnan and Clews, 1950, 1951; Evans et al., 2003; Hobbs
et al., 1976). Several attempts have been made to estimate the PCO by
measuring the anisotropy of magnetic susceptibility (AMS) of calcitebearing rocks and correlate the AMS principal axes with strain axes
(Almqvist et al., 2010; de Wall et al., 2000; Hamilton et al., 2004; Levi
and Weinberger, 2011; Schmidt et al., 2006). This application of the
AMS is complicated by the weak diamagnetic response of the carbonate
rocks, and the possible overprint of paramagnetic and ferromagnetic
phases. The advance in laboratory apparatuses enables accurate and
reproducible measurement of diamagnetic AMS (Levi and Weinberger,
2011; e.g., Braun et al., 2015). To fully exploit the potential of this
application the AMS has to primarily represent the diamagnetic phase.
This is possible if the carbonate rock is almost purely diamagnetic, or
if the diamagnetic phase could be separated from the paramagnetic
and ferromagnetic phases (Borradaile and Jackson, 2010).
The active Dead Sea Fault (Transform) system accommodates
~ 105 km of the relative left-lateral motion between the Arabian and
Africa (Sinai) plates since the early–middle Miocene (e.g., Garfunkel,
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1981). The long-term regional/remote strain ﬁeld associated with the
Dead Sea Fault (DSF) was determined based on meso-scale structures
(Bartov et al., 1980; Eyal, 1996; Eyal and Reches, 1983). However, the
local spatial and temporal variations of the strain ﬁeld and its partitioning
within the deformed blocks near the DSF are not well constrained.
Insights into these variations are important in terms of reconstructing
the tectonic evolution of the DSF and assessing its seismic hazard, and
may be relevant in assessing other fault zones worldwide. In particular,
the possibility that the trajectories of the stress/strain ﬁeld have been
deﬂected next to the DSF and other transforms has been suggested
(Garfunkel, 1981; Zoback et al., 1987), but need further support from
meso-scale kinematics. The lack of information on the DSF-related local
strain is partly due to the absence of reliable kinematic indicators that
have been developed next to the DSF.
The present study uses the AMS method in calcite-bearing limestones
of the Eocene Bar-Kokhba Formation from outcrops near the DSF. This formation, one of the last pre-DSF widespread marine deposits, is characterized by low iron content (b400 ppm) and diamagnetic response and was
previously studied by Levi and Weinberger (2011). Our main objectives
are (1) to establish the AMS-strain relations in diamagnetic carbonate
rocks, and (2) to analyze the strain ﬁeld next to the DSF in northern Israel.
2. AMS in carbonate rocks and deformation
The magnetic susceptibility (k) is a physical property of a material
that indicates its capacity to be magnetized (M) under an applied
magnetic ﬁeld (H). At low applied ﬁelds the magnetization is linear
(Mi = kijHj) and the susceptibility is ﬁeld independent (Cullity, 1972).
The AMS is described by three principal axial values k1, k2 and k3,
which correspond to the maximum, intermediate and minimum
magnetic susceptibility magnitudes, respectively (e.g., Borradaile and
Jackson, 2004). The AMS parameters that are used most frequently
for describing the axial magnitude relationships are the mean susceptibility, km = (k1 + k2 + k3)/3 (Nagata, 1961), the susceptibility difference Δk = k1 − k3 (Jelinek, 1981), the corrected anisotropy degree
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
P 0 ¼ exp 2∑ðlnki − ln km Þ (i = 1 to 3, km is the mean susceptibility)
(Jelinek, 1981), the magnetic lineation L = k1/k2 (Balsley and
Buddington, 1960), the magnetic foliation (F = k2/k3) (Stacey et al.,
1960), and the AMS shape parameter T = 2 ln(k2/k3)/ln(k1/k3) − 1
(Hrouda, 2004), measuring the range from prolate (−1 b T b 0) through
neutral (T = 0) to oblate (0 b T b1) ellipsoids (Jelinek, 1981). For diamagnetic rocks, the AMS parameters are calculated based on the absolute (unsigned) values of the principal susceptibility (Hrouda, 2004)
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0
2
and the AMS parameters are then P ¼ exp 2∑ðlnjki j− ln jkm jÞ
(i = 3 to 1); L = |k3|/|k2|; F = |k2|/|k1|; and T = 2 ln(|k2|/|k1|)/ln(|k3|/
|k1|) − 1.
AMS axes show a fair to good correlation with the directions of the
principal strain axes in different deformed rocks and geological settings
(Almqvist et al., 2009; Borradaile, 1987, 1988, 1991; Borradaile and
Henry, 1997; Borradaile and Jackson, 2004; Cogne and Perroud, 1988;
Dietrich and Song, 1984; Hirt et al., 1988; Hrouda et al., 2009;
Jayangondaperumal et al., 2010; Latta and Anastasio, 2007; Mamtani
and Sengupta, 2009; Pares et al., 1999; Soto et al., 2007, 2009; Tarling
and Hrouda, 1993). Several studies on calcite-bearing rocks show a
good agreement between the orientations of the calcite c-axes and k3
axes (e.g., Almqvist et al., 2011; Chadima et al., 2004; de Wall et al.,
2000; Kligﬁeld et al., 1982; Owens and Rutter, 1978; Siegesmund
et al., 1995; Wenk et al., 1987). Generally, clustering of the k3 axes
parallel to the direction of maximum remote (tectonic) shortening in
carbonate rocks (Borradaile and Hamilton, 2004; Hamilton et al., 2004
and references therein).
During compaction and lithiﬁcation processes some of the c-axes
could align with the lithostatic pressure, depending on the pressure
magnitude (Hrouda, 2004). Hence, under depositional environment

associated with a dominant compaction process (e.g., Borradaile and
Henry, 1997) the k3 axis is vertical and parallel to the direction of
maximum shortening (k3║c-axes), and k1 and k2 are parallel to bedding
and form magnetic foliation. Under tectonic environment (shortening
or extension regimes), the AMS axes are generally parallel to the principal strain directions (X ≥ Y ≥ Z), where X is the maximum elongation, Y
is intermediate strain axis and Z is the maximum shortening. Consequently, k1 ║ X, k2 ║ Y, k3 ║ Z, and the AMS fabric is termed ‘normal’
(k3║c-axes) (e.g., Borradaile and Jackson, 2010).
Calcite single crystal is magnetically anisotropic, characterized by
the corrected anisotropy degree, P′ = 1.113 (Owens and Bamford,
1976), the susceptibility difference, Δk = 1.10 ± 0.01 × 10− 6 SI
(Schmidt et al., 2006) and the anisotropy shape, T = −1 (Owens and
Bamford, 1976). The AMS shape of pure calcite crystal at room temperature is perfectly prolate and it switches to oblate above Fe concentration of ~ 400 ppm (Schmidt et al., 2006; but note that according to
their deﬁnition a pure calcite crystal is perfectly oblate using the U
parameter). The AMS of the diamagnetic fraction in calcite-bearing
rocks should be lower than the anisotropy of single crystals or deformed
calcite-bearing rocks, because perfect alignments are rare, especially in
sedimentary rocks (Hrouda, 2004 and references therein).
Limited success and no reliable correlation has been established
between the magnitudes of the AMS axes of carbonated rocks and ﬁnite
strain magnitudes (e.g., Borradaile and Jackson, 2010; Latta and
Anastasio, 2007; Parés and Van der Pluijm, 2004; Tripathy et al.,
2009). One major cause for this lack of success is the low susceptibility
value of calcite (km ≈ − 12.87 × 10− 6 SI (Nye, 1957; Owens and
Rutter, 1978); km ≈ − 12.09 × 10−6 SI (Schmidt et al., 2006)), which
is easily affected by Fe and Mn bearing minerals in the rock (Almqvist
et al., 2010; Borradaile and Henry, 1997; Schmidt et al., 2006).
Several studies have shown a good correlation between the increase
in anisotropy parameters and increase of strain magnitudes. Schmidt
et al. (2009) show in a series of compaction experiments of synthetic
calcite-muscovite samples that the susceptibility difference (Δk) is generally increases with strain magnitudes. Almqvist et al. (2009) ﬁnd an
agreement between the calculated Δk based on the PCO intensity and
the measured Δk of the diamagnetic phase of limestones in the Morcles
Nappe complex. Levi and Weinberger (2011) suggest based on AMS
studies in calcite-bearing diamagnetic rocks, that the differences in Δk
are related to differences in strain magnitudes.
3. Geological setting
The DSF system extends from the northern end of the Red Sea rift to
the Taurus convergence zone in Turkey, passing through the Gulf of
Elat-Aqaba, the Dead Sea rift in Israel, Lebanon and Syria. A host of stratigraphic, structural and geochronological evidence suggests ~105 km of
left-lateral offset across the DSF (Freund et al., 1970; Garfunkel, 1981;
Quennell, 1959). Eyal and Reches (1983) and Eyal (1996) interpreted
middle Miocene to Recent NNW maximum horizontal shortening and
ENE extension. This remote strain ﬁeld has been associated with the sinistral displacement along the DSF and the opening of the Red Sea, and
is attributed to the Dead Sea stress ﬁeld.
Several pull-apart basins have developed along the DSF system
(e.g., the Golf of Elat-Aqaba, the Dead Sea, the Sea of Galilee, and the
Hula Valley). The Rosh-Pinna area is located between the Sea of Galilee
and the Hula basin (Fig. 1) west and near the southward continuation of
the Hula Western Border Fault (HWBF), one of the main strands of the
DSF in northern Israel (Freund et al., 1970; Sneh and Weinberger,
2014), where the mid-Eocene Bar-Kokhba Formation limestones are
widely exposed. The beds dip gently southeastward with some local
variations. The underlying early-Eocene Timrat Formation is exposed
at the base of the Rosh-Pinna stream (Fig. 1). Between the HWBF and
the Almagor Fault in the east (Fig. 1) an elevated area known as the
Korazim block is exposed and extensively covered by Plio-Pleistocene
basalts (Heimann and Ron, 1993; Rotstein and Bartov, 1989). Based on
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were side-packed into aluminum holders. Semi-quantitative composition was estimated by comparison with calibration curves and with
the corresponding chemical data. The amount of insoluble residue was
measured for each sample. The micro-scale chemistry and structures
were analyzed by Scanning Electron Microscope (SEM) model FEI
Quanta 450 equipped with an EDS detector. The bulk mineralogy of
10 samples was also analyzed by X-ray diffraction (XRD) using
Philips PW1730/1710, and PW1830/3710, CuKα1 Representative thinsections were analyzed with an optical polarizing microscope for better
understanding of the lithology and the sedimentary environments.
4.3. Magnetic fabrics

paleomagnetic measurements it was suggested that Korazim experienced counterclockwise block rotation not before 0.9 Ma (Heimann
and Ron, 1993).

The tectonic signiﬁcance of weak magnetic susceptibilities requires
special consideration (Hamilton et al., 2004; Levi and Weinberger,
2011) in particular with AMS data of diamagnetic rocks such as the
Bar-Kokhba limestone. The AMS was measured at low magnetic ﬁeld
of 300 A/m with a KLY-4S Kappabridge (AGICO Inc.) at the Geological
Survey of Israel. The sensitivity of the Kappabridge is of the order of
1 × 10−8 SI, enabling measurements of mean susceptibility of about
1 × 10−6 SI. Representative measurements were repeated three times
to ensure repreducibility. We considered only samples that passed
the F-test for 95% conﬁdence interval (N 3.9; Jelinek, 1977), or samples
in which the principal AMS axes are within the 95% conﬁdence intervals
of the site mean tensor. The AMS conﬁdences were derived according to
Jelinek's (1981) procedure. The magnitudes and directions of the AMS
principal axes were calculated using the software package Anisoft 42.
The AMS axes of the diamagnetic rocks are described by the signed
values of susceptibility, namely, the minimum susceptibility (k3) refers
to the most negative susceptibility value (Hrouda, 2004). In addition,
the AMS parameters (P`, T, L and F) are calculated based on the absolute
(unsigned) values of the principal susceptibility, implying that the largest absolute magnitude is the maximum susceptibility (Hrouda, 2004).
The Anisotropy of Anhysteretic Remanent Magnetization (AARM)
(Jackson, 1991; Jackson and Tauxe, 1991) of six selected samples from
site SA1 was measured in order to test the possible contribution of
the ferromagnetic phase to the bulk magnetic fabric of site SA1. The
AARM was measured at the Geological Survey of Israel, with AF demagnetizer/magnetizer LDA-3/AMU-1 and a JR-6 spinner magnetometer (AGICO
Inc.). First, AF demagnetization curve was measured for representative
samples in order to determine the appropriate AC ﬁeld. Next the remanent magnetization was imparted in six pairs of antiparallel directions
with a DC ﬁeld of 500 μT and AC ﬁeld of 50 mT. The AARM orientations
and parameters were calculated using the Arem2W software package.

4. Sampling strategy and methods

4.4. Rock magnetism

4.1. Sampling strategy

The Isothermal Remanent Magnetization (IRM) (Fuller et al., 1988;
Stockhausen, 1998) was measured in order to characterize the
ferromagnetic minerals involved in the carbonate rocks of site SA1.
The magnetization was measured using a shielded three axes 2G 750R
SRM cryogenic magnetometer, with integrated AF coils, at the Institute
of Earth Sciences, the Hebrew University of Jerusalem. Each sample was
subjected to a stepwise demagnetization with an increasing intensity
starting at 5 mT and going up to 90 mT. Next the samples were exposed
to a high pulse ﬁeld using the ASC model IM10-30 Impulse Magnetizer,
starting with a ﬁeld of 25 mT up to 200 mT with increments of 25 mT,
then steps of 50 mT up to 400 mT, and steps of 100 mT up to
1600 mT. After each step, the IRM was measured using the
magnetometer.
The contribution of the ferromagnetic minerals was also assessed by
temperature-dependence susceptibility measurements (k–T) at the
Geological Survey of Israel, combining the KLY-4S kappabridge with
CS-L (low temperature cryostat apparatus between − 195 and 0 °C)
and CS-3 furnace (temperature range between ~ 25 and 700 °C)
(AGICO Inc.).

Fig. 1. Geological map of the study area and sampling sites. Names of faults are marked
(Sneh and Weinberger, 2014). HWF—Hula Western Border Fault. The inset shows the
plate tectonic conﬁguration resulting in left-lateral motion across the DSF. Geological
sections after Levitte, D. (2001), Sneh, A. and Weinberger, R. (2006), and Bogoch, R. and
Sneh, A. (2008).

In order to determine whether the magnetic fabrics near the DSF are
a product of the remote strain ﬁeld or the consequence of disturbances
and deﬂection of the local strain ﬁeld, three sites (EP1–EP3) were sampled several meters away from the southward continuation of the
HWBF, two site (KN1 and TH1) 1 km, four sites (NP1, HA1, HA2, HC2)
~3 km, and seven sites (SA1, SA2, HC1, AK1, AK2, HA3, NR1) ~3–5 km
away from the HWBF (Fig. 1). A total of 212 samples were taken from
the 16 sites within the Rosh-Pinna area.
4.2. Chemical and mineralogical composition
To determine the chemical composition and the bulk mineralogy of
the carbonate rocks and to test the possible effect of Fe and Mn ions on
the magnetic fabrics several laboratory and optical analyses were carried out at the Geological Survey of Israel. The chemical composition
of 18 samples was analyzed by ICP-OES optima 3300 and trace element
content of ﬁve samples was analyzed by ICP-MS Elan 6000. Powders
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4.5. AMS separation procedure
Various of experimental techniques have been developed using the
difference in the physical properties of different magnetic phases in
order to identify the sub-fabrics of the AMS (Martin-Hernandez and
Ferre, 2007 and references therein). In this study we designed a separation procedure using the mathematical properties of the AMS tensor in
order to separate the pure calcite diamagnetic contribution from the
bulk AMS fabric. The separation procedure helps to calculate the AMS
parameters of the separated magnetic fabrics and further to compare
them to AMS parameters of pure diamagnetic rocks. We choose site
SA1 as a case study for applying the separation method. In this site
iron rich second-phase material ﬁll small cracks, which are distinctive
from the bulk rock. This material is associated with young morphological processes of chemical alteration. Based on rock magnetism and
chemical analysis (see Section 6.2), this site represents a case in which
the AMS is composed mainly by two sub- fabrics.
The total susceptibility tensor of a specimen (kt) is described as
the sum of the ferromagnetic kf, paramagnetic kp, and diamagnetic kd
susceptibility tensors (Henry and Daly, 1983; Hrouda et al., 2000):
kt ¼ c f k f þ cp kp þ cd kd

ð1:1Þ

and
c f þ cp þ cd ¼ 1

m

which is also known as a norming factor (Jelinek, 1977):
ð1:3Þ

Consider a rock consisting of two dominant magnetic phases—
diamagnetic marked with sub index d and another phase, paramagnetic
or ferromagnetic, marked with sub index α. Rewriting Eq. (1.1) for the
two phases in that form:
^t ¼ cα km  ^
^
kα þ cd km d  k
km t  k
d
α

ð1:4Þ

In this case the diamagnetic phase can be estimated using the
following expression:
^ ¼
km d  k
d

1
^t − cα km  ^kα :
km t  k
α
1−cα
1−cα

ð1:6Þ

and using Eq. (1.2):


km t ≅ km α −km d cα þ km d :

ð1:7Þ

Generally, the mean susceptibility values of the paramagnetic/
ferromagnetic minerals are much greater than the value of the diamagnetic mean susceptibility, km α ≫km d , and hence:
km t ≅km α cα þ km d

5.1. Petrography, mineralogy and geochemistry
Optical microscopy images of selected samples indicate that the rock
includes nummulites and fragments of shells (Appendix Fig. A.1). SEM
and EDS analysis indicate that the rock is made of almost pure calcite
crystals, which are characterized by grain size ranging between few to
couple of dozens of microns. XRD results of selected samples conﬁrm
that the Bar-Kokhba limestones consists of calcite as the most dominant
(N95%) mineral.
The average contents of Fe and Mn of nine representative samples
are b300 and N10 ppm, respectively (Table 1). The average contents
of Al, Fe and Mg of the 11 paramagnetic samples of site SA1 are 1272,
1135 and 1445 ppm, respectively (Table 1).
5.2. Rock magnetism
The mean susceptibilities km indicate that the majority of the samples are diamagnetic with some weakly positive values indicating a
paramagnetic and/or ferromagnetic content (Fig. 2; Table 2). The km
values of samples from the Bar-Kokhba limestones fall in a narrow
range between −8 and −12 × 10−6 SI with an average of −10.57 ±
1.76 × 10− 6 SI (excluding SA1 site). This value is very close to the
value of a single calcite crystal (Section 2; Nye, 1957; Owens and
Rutter, 1978; Schmidt et al., 2006).
High and low temperature curves of representative sample from
NP1 site (Appendix Fig. B.1a) show almost temperature independency
above −150 °C, corresponding to the diamagnetic characteristic of the
sample. The heating curve of sample from SA1 site decreases between
320 and 700 °C, whereas the susceptibility decreases from 130 × 10−6
SI to 20 × 10−6 SI (Appendix Fig. B.1b). This may suggest the existence
of ferromagnetic minerals, maybe even iron sulﬁdes as its typical Curie

ð1:5Þ

Since the susceptibility tensors are normalized, the total mean
susceptibility can be written as:
km t ≅cα km α þ cd km d

5. Results

ð1:2Þ

where cf, cp and cd are the respective percentages of the susceptibility
tensors (Hrouda et al., 2000).
In general, the susceptibility tensor (k) can be constructed from the
^ and the mean susceptibility (k ),
product of the normalized tensor (k)
^
k ¼ km  k

Eq. (1.8) predicts a linear correlation between km t and cα for the
element carrying the para/ferromagnetic phase, where the slope
represents km α and the intersection with the km t axis represents km d .
A chemical composition analysis can be used to estimate the respective
percentages (cα) of the elements involved in the rock (Schmidt et al.,
2006). By performing such an analysis for a group of specimens in site
SA1 the relations between the specimens' bulk susceptibilities (km t )
and the respective amounts of certain element (cα) can be examined.

ð1:8Þ

kα can be estimated then it is possible to separate the
If cα, km α and ^
diamagnetic AMS sub-fabric of rocks consisting two dominant magnetic
phases using Eqs. (1.5) and (1.8).

Table 1
Chemical content of selected samples. The results are in ppm.
Site name

Si

Al

Mg

Fe

Mn

EP3
KN1
NP1
HC1
HA3
NR1
SA2
SA1-1
SA1-2
SA1-6
SA1-7
SA1-8
SA1-10
SA1-11
SA1-12
SA1-13
SA1-14
SA1-15

b1000
b1000
2000
b1000
b1000
b1000
≤1000
3000
3000
≤1000
b1000
5000
8000
≤1000
b1000
b1000
1000
≤1000

b200
4000
500
400
≤200
2400
300
2000
1500
700
1000
2500
3800
400
1500
200
b100
300

1000
2000
2700
1400
1200
2000
1300
1200
5000
1200
1000
1000
1500
800
800
800
2000
600

b50
70
300
≤50
≤50
100
b200
1100
1600
400
320
1300
5800
300
800
500
175
200

b10
b10
–
b10
≤10
b10
–
–
–
–
–
–
–
–
–
–
–
–
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Fig. 2. Frequencies of the mean-susceptibilities (km) of all measured samples (N = 193).
Arrow marks the histogram pick of the diamagnetic phase.

temperature is around ~ 320 °C (Hunt et al., 1995). The cooling curve
shows a large increase up to ~ 380 °C, suggesting the creation of new
magnetic minerals during cooling.
The IRM of sample from SA1 site indicates the presence of low coercivity minerals that attain saturation just below 200 mT (Appendix Fig. C.1),
typical of MD magnetite grains (Borradaile and Jackson, 2004; Mullins,
1977). After 200 mT, the curve continues moderately to increase, indicating the presence of high coercivity minerals.
5.3. AMS fabrics
Fig. 3 shows the projections of the AMS principal axes and their 95%
conﬁdence ellipses. The magnetic fabrics are divided into three main
types based on the inclination of k3 axes. In Type A, k3 axes are subvertical, between 90° and 60°, in Type B between 60° and 30° and in
Type C between 30° and 0°. These types are further divided into subtypes based on the orientation of k1 and k2 axes. In Type A1, k1 and k2
axes form a sub-horizontal magnetic foliation (SA1 site), while in Type
A2, k1 and k2 axes are well-grouped. In Type B1, k1 and k2 axes form a
sub-horizontal magnetic foliation (HA3 and EP1 sites), while in Type
B2, k1 and k2 axes are well-grouped (AK2 and SA2 sites). In Type C1,
k1 and k2 axes form a sub-horizontal magnetic foliation (HC1, NR1,
NP1 and TH1 sites), while in Type C2, k1 and k2 axes are well-grouped
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(EP3, HA1, HA2 and KN1 sites). Three sites (AK1, HC2 and EP2 sites)
show an isotropic fabric and were excluded from a further analysis.
Fig. 4a shows the declinations and inclinations of the AMS principal
axes of samples that have negative susceptibility values. The k3 axes are
characterized by clustered declinations trending to ~ N–S with subhorizontal inclinations. The k2 axes are characterized by dispersed
declinations and inclinations between 20° and 70°. The k1 axes are characterized by clustered declinations trending to ~E–W, with sub-horizontal
inclinations. Fig. 4b shows the declination of Type C samples (i.e., k3 inclination between 0° and 30°), excluding TH1 site. This site is situated in the
northernmost part of the study area and shows orthogonal (E-W) k3
directions.
The anisotropy parameter Δk varies between 0.05 and 0.29 × 10−6
SI (average of ~ 0.13 × 10−6 SI) (Table 2). These values are one order
of magnitude lower than the published values of a single pure calcite
crystal (Owens and Bamford, 1976; Schmidt et al., 2006). Fig. 5 shows
the shape parameter (T) versus the anisotropy degree parameter (P′)
for all diamagnetic samples. For P′ N 1.02 (about 5% from the samples),
the AMS shape shows a possible tendency toward a prolate ellipsoid,
which might be associated with a higher degree of c-axes alignment
in the rock (Borradaile and Jackson, 2010). The Fe content is lower
than 300 ppm in the diamagnetic samples, with a median value of
70 ppm. The anisotropy parameters (P′ and Δk) show no dependency
on Fe content or k m (Appendix Fig. D.1). For example P′ varies
between ~ 1.005 and 1.025 for samples with Fe content of ~ 50 ppm
(Appendix Fig. D.1).
5.4. The separated magnetic fabric
The km values of SA1 site range between −10 and 25 × 10−6 SI with
one sample as an outlier at 109 × 10−6 SI. The AARM of six samples from
SA1 show inconsistently oriented axes (Fig. 6a).
The AMS fabric indicates a mixture of two different fabrics (Type A1
and Type C1) in accordance with km values (Fig. 6). The Type A1 fabric is
obtained for samples with km N −1.53 × 10−6 SI (Fig. 6b) while the Type
C1 fabric is obtained for samples with km b −4.90 × 10−6 SI (Fig. 6c).
The former represent the young weathered material. A positive relation
between Fe contents and km is found (Fig. 7a) and used for separating
the diamagnetic fabric. Next, kmd and kmα were estimated using
Eq. (1.8) (see Section 4.5) by applying a linear regression of km versus
Fe content (Fig. 7a). The regression yields kmd = − 12.78 × 10−6 SI,
which is close to the value a single calcite crystal (Schmidt et al.,
2006), and kmα = 34,858 × 10− 6 SI. This value of kmα suggesting a

Table 2
Low-ﬁeld AMS parameters. The anisotropy parameters are the average parameters for the sites.
Site name

Stratigraphic unit

Sample size (N)

Mean susceptibility
km [10−6 SI]

Corrected anisotropy
degree
(P')

Susceptibility
difference
Δk [10−6 SI]

Shape
parameter
(T)

Magnetic
foliation
(F)

Magnetic
lineation
(L)

EP1
EP3
KN1
TH1
HA1
HA2
HA3
HC1
SA2
AK2
NR1
NP1
*AK1
*HC2
*EP2
*SA1

Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba
Bar-Kokhba

4
13
16
12
11
11
17
7
19
17
15
9
9
18
15
19

−10.06
−12.52
−11.31
−9.38
−11.07
−11.03
−11.50
−8.21
−11.02
−11.81
−11.22
−11.72
−9.80
−9.98
−8.90
5.71

1.023
1.013
1.009
1.009
1.011
1.008
1.007
1.028
1.005
1.009
1.012
1.006
1.011
1.006
1.059
1.036

0.229
0.160
0.097
0.076
0.110
0.089
0.073
0.225
0.057
0.096
0.130
0.064
0.095
0.051
0.210
0.278

−0.538
0.137
0.050
−0.148
−0.210
−0.051
−0.101
−0.383
0.002
−0.288
−0.277
−0.035
−0.106
0.116
−0.225
0.036

1.005
1.007
1.002
1.004
1.005
1.004
1.003
1.007
1.003
1.003
1.004
1.003
1.004
1.003
1.014
1.016

1.017
1.005
1.004
1.005
1.006
1.004
1.004
1.020
1.002
1.006
1.007
1.003
1.006
1.002
1.039
1.019
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Fig. 3. AMS fabrics of the Bar-Kokhba limestone from the Rosh-Pinna area. Lower-hemisphere, equal-area projection of AMS principal axis and their 95% conﬁdence ellipses. The k1, k2 and
k3 axes are marked by solid squares (blue), triangles (green), and circles (purple), respectively.

mixture of paramagnetic and ferromagnetic iron-bearing minerals
(Hunt et al., 1995).
To separate the diamagnetic sub fabric of SA1 site we solved Eq. (1.5)
for all samples (N = 19). Note that km d and km α are similar for all the
samples but cα varies. These quantities derived from the linear regression described above (Fig. 7a). In addition, for ^kα we used the normalized tensor of the highest susceptibility sample in the site (SA1-10) for
all samples. The separated diamagnetic sub-fabric shows characteristics
of Type C2 fabric (Fig. 6d). The AMS parameters of the separated
diamagnetic fabric are presented in Table 3. The P′ values of 17 samples
vary between 1.007 and 1.02, where two samples have P′ = ~1.045. The
T values are also varied and range between −0.7 and 0.8.

6. Discussion
6.1. General
The present results were obtained after repeated measurements, especially for those samples that had negative susceptibilities. All measurements were reproducible and, hence, can be considered accurate
albeit their low susceptibility values. The Bar-Kokhba limestones from
the Rosh-Pinna area are calcite-bearing rocks containing extremely
low amounts of Fe and Mn, less than 300 and 10 ppm, respectively
(Table 1). The XRD results indicate that the Bar-Kokhba rocks consist
of more than 95% calcite crystals. These and the bulk susceptibilities of
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Fig. 4. Rose diagrams of AMS principal axes: (a) inclinations and declinations of all samples, excluded the isotropic sites and SA1 site (Fig. 3) and (b) declinations of magnetic fabrics Type C
(k3 inclination b30°), excluded TH1 site. Arrows mark the average directions.

km = −10.67 ± 1.69 × 10−6 SI indicate that the AMS is exclusively controlled by calcite crystals and, hence, the alignment of the AMS axes can
be further discussed with relation to strain. The orientation of k3 axes indicates the arrangement of calcite c-axes, which are aligned parallel to
the maximum shortening axis (Borradaile and Hamilton, 2004;
Hamilton et al., 2004 and references therein).
The AMS of diamagnetic rocks may depend on iron- bearing impurities (Almqvist et al., 2010; Borradaile et al., 2010; Hamilton et al., 2004;
Schmidt et al., 2009) and substitution of Fe and Mn ions in the calcite
lattices (Schmidt et al., 2007). In this case, the correlation between anisotropy parameters (P′ and Δk) and strain magnitudes is questionable
(Borradaile and Henry, 1997). In this study P' and Δk values of the
Bar-Kokhba rocks ranges between 1.005 and 1.038 and between 0.05
and 0.3 × 10− 6 SI, respectively (Table 2). Yet, the present P' and Δk
values show no correlation to Fe content or km (Appendix Fig. D.1), suggesting that the anisotropy parameters are not controlled by impurities
or second-phase minerals. Furthermore, the separation procedure
shows that in the separated diamagnetic phase there are still signiﬁcant
variations in P′ values between 1.007 and 1.045 (Table 3). This implies
that these variations are related mainly to the alignment of the calcite
c-axes.
Changes in the magnitude of the anisotropy parameters of carbonate
rocks were attributed to strain intensity rather than to Fe impurities
(Owens and Rutter, 1978; e.g., Almqvist et al., 2009; Schmidt et al.,

2009; Levi and Weinberger, 2011). Deformation experiments on Carrara
marble (Owens and Rutter, 1978) showed that Δk attains saturation
after ~ 40% shortening and reduces to half after ~ 15% shortening.
Schmidt et al.'s (2009) experiments show that Δk in pure-calcite rocks
generally increases up to ~ 0.2 × 10− 6 SI when the uniaxial stress
reaches to ~100 MPa. Almqvist et al. (2009) reported that in carbonate
mylonites from the Morcles Nappes in Switzerland, increase of anisotropy degree is related to increase of strain magnitudes. Levi and
Weinberger (2011) proposed that different values of Δk (up to
~ 0.2 × 10−6 SI) in the Bar-Kokhba rocks are related to differences in
strain magnitudes. Based on the present results and the aforementioned
studies, we suggest that variations in P′ and Δk of the Bar-Kokhba rocks
are related to the strain magnitudes that accumulated in the rocks
during geological history (see below).
6.2. Separating the diamagnetic phase in carbonate rocks
By applying the separation procedure we are able to determine
whether differences in AMS parameters are a result of chemical contamination or variations in the accumulated strain magnitudes. Moreover,
the separation procedure suggests that the value of N500 ppm Fe
content masks the diamagnetic fabric.
Based on rock magnetic measurements and chemical analysis it is
suggested that the total AMS fabric of SA1 site is composed only of
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note that the paramagnetic sub-fabric, which is represented by the high
susceptibility samples (Fig. 6b), is characterized by Type A1 fabric of
depositional origin. This fabric is related to iron-bearing minerals
which evolved due to chemical alteration during a late weathering process. The diamagnetic sub-fabric on the other hand, is characterized by
Type C2 fabric (Fig. 6c), which is associated with tectonic environment.
Fig. 8 shows the relations between the inclinations of k3 from site SA1
versus the Fe content of the associated samples. The results suggest
that for Fe content N500 ppm, the k3 inclinations N 60° belong to the
paramagnetic sub-fabric namely (Type A). For Fe content b 500 ppm,
the k3 inclinations b 30° belong to the diamagnetic sub-fabric (Type C).
This analysis suggests that above a Fe threshold value of ~500 ppm, the
diamagnetic fabric is masked and the paramagnetic phase controls the
bulk AMS fabric.
6.3. AMS fabrics

Fig. 5. Corrected anisotropy degree (P') and shape parameter (T). AMS data of Bar-Kokhba
limestones, presented on a π/4 segment polar plot. P' is represented by the radius and T by
the arc length (Borradaile and Jackson, 2004). T goes to −1 with growth of P′ implying the
development of PCO of calcite.

diamagnetic and paramagnetic sub-fabrics. First, we show correlation
between km and Fe content (Fig. 7a) on one hand, and between km and
the AMS fabric (Fig. 6b, c) on the other hand. This suggests that the
AMS fabric of samples with high susceptibility values (Fig. 6b) is associated with iron-bearing minerals. Second, the inconsistently oriented
AARM fabric suggests that the total AMS fabric is not inﬂuenced by
ferromagnetic minerals. Therefore, we associate the paramagnetic subfabric with iron-bearing minerals even though a very small fraction of
ferromagnetic minerals might exist as indicated by the linear regression
of km versus Fe content (Fig. 7a) and by the IRM (Appendix Fig. C.1). We

The majority of the obtained magnetic fabrics are classiﬁed
as Types C and B. These types, also known as “tectonic fabric” or
“deformation fabric”, obliterates previous fabric due to increased
shortening (Borradaile, 1988; Borradaile and Henry, 1997). Nine
magnetic fabrics were classiﬁed as Type C, four as Type B and three
are isotropic indicating that ~ 80% are tectonic fabrics. This ﬁnding
is in agreement with the results of Levi and Weinberger (2011),
who show that ~ 85% of the magnetic fabrics in Metulla block are
distinctly “tectonic fabrics”.
The magnetic fabrics characteristics of the Rosh-Pinna area depend on their distance from the HWBF. Site EP3, located at the
HWBF (Fig. 9), shows Type C2 fabric, which is characterized by the
tightest grouping of the AMS axes and high anisotropy (P′ = 1.013;
Δk = 0.16). The k3 axes are horizontal and oriented N–S. Sites HA1,
HA2 and KN1, located ~ 3 km from the HWBF show also Type C2 fabrics that are relatively weakly grouped and have lower degree of anisotropy (P′ = 1.011 to 1.008; Δk = 0.11 to 0.09) than EP3 site. The k3
axes are horizontal and oriented N–S. The magnetic fabrics of sites,
AK2, HA3, SA2 and HC1 that located ~ 6 km from the HWBF, show
magnetic fabrics of types B2, B1 and C1, respectively. In these fabrics
the magnetic foliations of k1 and k2 axes are more prominent, laying
on planes that strike NW–SE. The k3 axes of these magnetic fabrics
are oriented ~ NE and dip ~ 40°, possibly implying a composite of
depositional and tectonic fabrics. The anisotropy values of these
magnetic fabrics (AK2, HA3, SA2) are slightly lower (P′ = 1.009 to
1.005; Δk = 0.09 to 0.06). HC1 site is an exceptional because it is
characterized by a relatively very high anisotropy (P′ = 1.028,
Δk = 0.225), possibly due to the presence of paramagnetic minerals

Fig. 6. Lower-hemisphere, equal-area projection and the 95% conﬁdence ellipses of samples from SA1 site: (a) AARM fabric of selected samples, showing inconsistently oriented axes.
(b) AMS fabric of samples with mean susceptibilities larger than −1.53 × 10−6 SI. (c) AMS fabric of samples with mean-susceptibilities lower than −4.90 × 10−6 SI. (d) Results of the
separation procedure showing the AMS fabric of the diamagnetic phase.
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Fig. 7. (a) Mean susceptibility (km) versus Fe content in SA1 site. The linear regression marked with solid line considers only values that marked with ﬁlled diamonds. The regression
coefﬁcient is R2 = 0.57. (b) Fe content versus insoluble residue (I.R.%). The high correlation (R2 = 0.80) suggests that most of the Fe content is associated with young weathered material
(see text for details).

Table 3
AMS parameters of the diamagnetic phase of SA1 site, results of separation procedure.
Sample No.

Mean susceptibility
km [10−6 SI]

Corrected anisotropy
degree (P')

Susceptibility difference
Δk [10−6 SI]

Shape parameter
(T)

Magnetic foliation
(F)

Magnetic lineation
(L)

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
Ave.⁎
Mean⁎⁎

−12.79
−12.78
−12.78
−12.79
−12.79
−12.78
−12.79
−12.82
−12.79
−12.78
−12.78
−12.78
−12.78
−12.78
−12.78
−12.78
−12.78
−12.78
−12.78
−12.78
−12.78

1.020
1.013
1.009
1.043
1.046
1.010
1.020
1.016
1.019
1.015
1.007
1.013
1.014
1.010
1.014
1.007
1.008
1.008
1.016
1.016
1.012

0.253
0.165
0.115
0.537
0.574
0.127
0.253
0.203
0.241
0.195
0.089
0.165
0.178
0.127
0.178
0.089
0.102
0.106
0.203
0.205
0.153

0.316
0.030
−0.636
0.580
−0.295
0.417
0.421
0.802
0.364
0.253
−0.442
−0.150
−0.618
−0.334
−0.703
0.110
0.019
−0.383
−0.512
−0.040
0.144

1.013
1.007
1.002
1.034
1.016
1.007
1.014
1.014
1.013
1.010
1.002
1.006
1.003
1.003
1.002
1.004
1.004
1.003
1.004
1.008
1.007

1.007
1.006
1.007
1.009
1.029
1.003
1.006
1.002
1.006
1.006
1.005
1.007
1.011
1.007
1.012
1.003
1.004
1.006
1.012
1.008
1.005

⁎ Averaged parameters.
⁎⁎ Mean tensor parameters.

as indicated by the bulk susceptibilities. In the northern parts of the
Rosh-Pinna area, the magnetic fabrics of TH1 and NP1 sites are of
Type C1. The foliation plane is vertical, striking N–S, and the k3 axes
are oriented E–W to WNW–ESE. Site NR1 also shows Type C1 fabric
with N–S oriented k 3 axes, despite its distance (~ 6 km) from the
HWBF.
6.4. Strain ﬁeld next to the DSF in the Rosh-Pinna area

Fig. 8. k3 inclination versus Fe content of samples from SA1 site. The Fe contents in ppm are
estimated from the linear regression (Fig. 7a). The ﬁelds are marked with gray; the
diamagnetic sub-fabric (Fe b 500 ppm and 0° b k3 b 30°) and the paramagnetic sub-fabric
(Fe N 500 ppm and 60° b k3 b 90°).

The tectonic fabrics obtained in this study suggest that the deformation in the Rosh-Pinna area gradually varies eastward with slightly
increase of the strain magnitudes toward the HWBF. The statistical
analysis of the k3 and k1 axes in this area (apart from two sites at the
northernmost part) indicates that the directions of maximum shortening
(parallel to k3) is ~N–S and that of maximum elongation (parallel to k1) is
~W–E (Figs. 4 and 9). Hence, the remote NNW–SSE maximum horizontal
shortening (Eyal, 1996) deﬂects toward the HWBF, showing local ~N–S
maximum shortening near this fault.
Similar to the present approach, Levi and Weinberger (2011)
considered the magnetic fabrics of the Eocene Bar-Kokhba and

184

R. Issachar et al. / Tectonophysics 656 (2015) 175–189

Upper Miocene Kefar-Giladi formations next to the northward continuation of the HWBF in the Metulla block. They obtained tectonic
fabrics that dominantly indicate ~ W–E maximum shortening in relation to strain partitioning along the DSF in northern Israel during the
Pleistocene (Weinberger et al., 2009). Unlike the ﬁndings in the
Metulla block, indication for ~ W–E maximum shortening was
found only in the northernmost part of Rosh-Pinna area (sites TH1
and NP1), while in the other parts ~ N–S shortening directions are
dominant. Hence, the northernmost part of the Rosh Pinna area
shows afﬁnity to the deformation in the Metulla block. If the ~ W–E
shortening directions in the Metulla block and the ~ N–S shortening
directions in the Rosh Pinna area are coeval, then locally the maximum shortening directions have been switched by ~ 90° between
these zones during the Pleistocene.
In what follows, we show that this AMS-based strain ﬁeld in the
Rosh-Pinna area is local and closely related to the DSF. The revealed

~ N–S maximum shortening direction is parallel to the strike of the
HWBF and the general trend of the DSF in northern Israel (Fig. 9).
This direction deviates by ~ 15° from the remote NNW–SSE maximum shortening direction since the middle Miocene (the “Dead
Sea Strain ﬁeld” of Eyal and Reches, 1983; Eyal, 1996). Notably, a
local horizontal maximum shortening of ~ N–S was inferred from
stylolites in the Eocene rocks of the Rosh Pinna area (Eyal, 1996;
Ron and Eyal, 1985). Based on this direction and directions inferred
from other meso-structures, Ron and Eyal (1985) reconstructed a
trajectory map of the maximum horizontal compression in northern
Israel and showed that locally it deﬂects and becomes parallel to the
~ N–S strike of the DSF. Arkin (1996) studied fractures in the Rosh
Pinna area and in particular a set of ~ N–S striking fractures, which
are undulating, open-mode ﬁssures associated with karstic features
such as solution rills, calcite precipitates and soil staining. Arkin
et al. (2004 and personal communication, 2014) attributed the

Fig. 9. Map of the main fault segments of the DSF in northern Israel and stereograms of AMS principal axes. Arrows mark the inferred horizontal shortening direction at the sites.
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formation of these fractures to a phase of deformation during the late
Pleistocene based on U–Th ages of the calcite precipitates. These ~ N–
S striking calcite-ﬁlled fractures are compatible with the AMS-based
~ N–S maximum shortening, suggesting that this local strain ﬁeld
conforms with the late Pleistocene deformation.
The deﬂection of stress/strain trajectories toward major faults
can be explained by a number of mechanisms including the (1) effect
of “fault strength” or “weak fault” during constant plate motion
(Garfunkel, 1981; Zoback et al., 1987), (2) change in the fault geometry
(e.g., Saucier et al., 1992), (3) stress/strain buildup at faults tips
(e.g., Simón et al., 1999), and (4) stress/strain perturbations during
seismic events (e.g., Healy et al., 2004; Nuchter and Ellis, 2011;
Nüchter and Stöckhert, 2008; Trepmann and Stöckhert, 2001).
Several indications suggest that mechanisms (2)–(3) are less important. The HWBF is parallel to the ~ N–S-striking DSF and shows no
indication for geometry change (Fig. 9). The HWBF is ~ 40 km long,
connecting the northwestern edge of the Hula Valley with the Sea of
Galilee, probably continues further south under the lake bottom (Sneh
and Weinberger, 2014; Fig. 9). Thus, the Rosh Pinna area apparently is
located along the fault and not near its tip. At this stage of the study,
it is difﬁcult to determine if mechanism (4) has any effect on the deﬂection process, mainly because the Pleistocene seismicity of the HWBF is
not well known and mechanisms (1) and (4) could be mutually
connected, e.g., the “fault strength” mechanism might be closely
related to dynamic stress perturbation during seismic events. Despite
this difﬁculty, if we consider the possibility that the activity shifted
eastward toward the Jordan fault at the end of the Pliocene (Hurwitz
et al., 2002), it is possible that dynamic stress perturbation next to the
HWBF has not played a major role in deﬂecting the stress trajectories
in the Rosh Pinna area.
The “weak fault” mechanism implies that the stress directions rotate near the HWBF, reducing the shear stress on the main fault.
Fault-normal compression (associated with transpression) or faultparallel tension (associated with transtension) would result in stress
trajectories perpendicular or parallel to the fault, respectively,
depending on whether the relative plate motion between Sinai and
Arabia was convergent or divergent (Garfunkel, 1981). The faultnormal (Metulla block; Levi and Weinberger, 2011) and the faultparallel (Rosh Pinna area, current study) maximum shortening suggest that the strength of the DSF and variations in plate motion
play an important role in deﬂecting the stress/strain trajectories
next to the HWBF.
Garfunkel (1981) suggested that the directions of maximum compression adjacent to the DSF are reoriented toward the fault trace. He
noted that this process is dominant mainly close to “free boundaries”
such as pull-apart basins and extensional zones. Hence, the trajectories
of maximum compression are sub-parallel to the fault traces next to
extensional basins and sub-orthogonal next to contraction structures.
In the Metulla block, the Garfunkel's stress trajectories are trending
~ W–E, as later conﬁrmed by meso-structures (Weinberger et al.,
2009) and AMS analyses (Levi and Weinberger, 2011). In the Rosh
Pinna area, the Garfunkel's stress trajectories are trending ~ N–S,
as shown by meso-structures (Ron and Eyal, 1985) and the current
AMS-based strain analysis.
The effect of the “fault strength” on the stress/strain deﬂection in
the Rosh Pinna area is corroborated in two ways. First, the structural
analysis by Weinberger et al. (2009) of the Metulla block suggests that
the fault-normal maximum shortening next to the Qiryat Shemona
master fault (i.e., the northward continuation of the HWBF) is a
consequence of transition from an early (Miocene–Pliocene) phase of
pure strike-slip along “strong” DSF to a late (Pleistocene to Recent)
phase of convergent strike-slip and strain partitioning along “weak”
DSF. Hence, the divergent strike–slip is expected somewhere south of
the Metulla block, imposing transtension in the Rosh Pinna area.
Second, we consider the fault strength model of Zoback et al. (1987)
and Ben-Avraham and Zoback (1992) together with a remote maximum
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compression of 340° (Eyal, 1996), N–S striking HWBF and relatively low
fault strength. For these conditions, the model predicts that the local maximum compression would deﬂect and be parallel to the HWBF, imposing
transtension in the Rosh Pinna area. Coevally, in the Metulla block, the
angle between the remote maximum compression (340°) and the direction of the nearby NNE-striking Yammunneh master fault is about
45°. This might lead to fault-normal maximum compression and
transpression in the Metulla block, as long as the Yammunneh fault is
weak.
Based on the aforementioned analysis, the AMS-based strain ﬁeld of
~ N–S maximum shortening and ~ W–E maximum elongation in the
Rosh Pinna area is local and directly associated with the presence of
the HWBF. The deﬂection of the remote stress/strain ﬁeld near the
b10 km sector of the DSF compatibles with the “weakness” of the DSF
in northern Israel. Given the history of the geological structures of the
area, we suggest that the Rosh Pinna area was under dominant
transtension during the Pleistocene. However, the possibility that the
transtension began at an earlier stage cannot yet be ruled out and
should be considered in the future.

7. Conclusions
The mean susceptibility, km = − 10.67 ± 1.69 × 10− 6 SI and the
low iron content in the rocks (b300 ppm) show that the BarKokhba limestones from the Rosh-Pinna area are diamagnetic and
consisting of almost pure calcite. This indicates that the magnetic
fabrics are solely controlled by PCO with k3 parallel to the calcite caxes. By separating the diamagnetic sub-fabric in iron-rich carbonate
rocks we show that in rocks consisting Fe b500 ppm, the diamagnetic
phase controls the AMS. Moreover, the separated diamagnetic subfabric supports the conclusion that differences in the anisotropy parameters are related to differences in the strain magnitudes. The spatial distribution of the magnetic fabrics and AMS parameters indicate
that strain magnitudes increase eastward with the proximity to the
Hula Western Border fault, a main strand of the DSF system in northern Israel. Hence, changes in the AMS parameters recorded by the
diamagnetic carbonate rocks are related to spatial and temporal variations in the strain magnitudes.
The majority (80%) of the magnetic fabrics in the Rosh-Pinna area
are of tectonic origin, suggesting that the original fabrics were obliterated
due to increasing strain. The orientations of k3 and k1 axes indicate ~ N–S
maximum shortening and ~ W–E maximum elongation parallel and
perpendicular to the strike of the HWBF, respectively. Hence, the
remote NNW–SSE maximum shortening (Eyal, 1996) is locally
deﬂected as a consequence of the DSF activity. In light of the “weak
fault” model and given the history of the geological structures, we
suggest that the study area accommodates transtension during the
Pleistocene.
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Appendix A

Appendix Fig. A.1. Optical microscopy and SEM images of samples taken from the Eocene Bar-Kokhba Formation limestone. (a) Optical microscopy image of thin-section of sample MG1,
showing that the rock is composed of whole Nummulite and foraminifera shells. The shell pores and contact spaces are ﬁlled with cement. (b) Optical microscopy image of thin-section of
sample KN1, showing uniform matrix composed of fragments of marine shells, interpreted as a result of transportation and sliding events during diagenesis. (c, d) SEM images of sample
NP1. The images show homogenous calcite crystalline texture.

Appendix Fig. B.1. (a) Low and high thermomagnetic curves of samples from SA1 and NP1 sites. The low temperatures curves are measured between −200° and 0° and the high temperatures
curves are measured between room temperature to 700°. Red and blue lines mark the heating and cooling respectively. (b) Enlargement of the heating curve of sample from SA1 site. SA1 sample
shows decrease between 320° and 700° on heating, the susceptibility drops by 80%. This may suggest the existence of ferromagnetic minerals, maybe even iron sulﬁdes as its typical Curie
temperature is around ~320° (Hunt et al., 1995). The cooling curve indicates irreversibility with great increase until ~380° suggesting the creation of new magnetic minerals.
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Appendix Fig. C.1. IRM of sample from SA1 site. Saturation below 200 [mT] associated with magnetite grains. After saturation of the soft (ferromagnetic) minerals the curve continues
moderately to increase indicating high coercivity minerals.

Appendix Fig. D.1. Samples of the Bar-Kokhba limestones: (a) Corrected anisotropy degree versus Fe content (N = 8). (b) Susceptibility difference versus Fe content (N = 8). (c) Corrected
anisotropy degree versus mean susceptibility (N = 193). (d) Susceptibility difference versus mean susceptibility (N = 193).
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