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ARTICLE INFO ABSTRACT

Characterizing the inelastic strain field around co-seismic faults is a key to understanding earthquake rupture
processes. We aim to detect zones of inelastic deformation around surface ruptures, using Anisotropy of
AMS Magnetic Susceptibility (AMS) analyses. To characterize the paleo-seismic setting we measured 29 normal faults,
Faults . which cut the late Pleistocene lacustrine Lisan Formation and were associated with shallow (< ~12 km)
EZT;Z?;T:iﬁgy earthquakes at the margins of the Dead Sea Basin. In order to define the geometry of those zones around a

representative fault, 220 specimens were sampled in a 2D grid and analyzed by studying the room temperature
AMS axes and parameters using spatial IDW (inverse distance weighting) interpolation on a cross section around
the fault plane. To separate the total magnetic susceptibility of the Lisan sediments into diamagnetic, para-
magnetic and ferromagnetic susceptibilities, we applied the low temperature AMS (LT-AMS) and Anhysteretic
Remanent Magnetization (AARM) methods. The structural measurements demonstrate that the co-seismic
faulting in the Dead Sea Basin, triggered mainly by E-W extension. The results show that the paramagnetic phase
is dominant in both the aragonite-rich and the detritus-rich layers. The zones of inelastic deformation are dis-
tributed asymmetrically about the fault plane, with affinity to the observed displacement profile and in agree-
ment with dynamic propagation models that suggest that the rupture propagated towards the surface. The
discontinuous distribution of deformation around the fault plane is the result of both the faults single event
propagation style and fault plane asperities. These results demonstrate a novel application of AMS analysis for
defining the geometry of the inelastic strain field surrounding co-seismic faults, and improving fault propagation
models dealing with the inelastic off-fault response.
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1. Introduction

During an earthquake, unrecoverable inelastic deformation together
with elastic deformation develop next to co-seismic (i.e., dynamic)
faults (Ma and Andrews, 2010; Shearer, 2009). This envelope of de-
formed volume around the faults, known as a “damage zone”, has re-
ceived much attention over the years, as it is a key component in
earthquakes and faulting processes (Ma and Andrews, 2010; Rice et al.,
2005). Once the yield stress of the host rock is exceeded, the region
around the fault deforms inelastically, leading to stress relaxation,
dissipation of energy and formation of the associated damage zone
(Madhur et al.,, 2014). Hence, characterizing zones of inelastic de-
formation is critical for understanding earthquake-related faulting.
Despite the importance in determining the principal axes, size and
spatial distribution of the inelastic strain field around the dynamic
fault, these three variables cannot always be defined for paleo-

earthquakes. This is due to scarcity of visible kinematic indicators
complicated by the very fine-grained fault gouge and changes in the
style of deformation with depth. In order to overcome these difficulties,
we use the Anisotropy of Magnetic Susceptibility (AMS) analysis, which
indicates the preferred orientation of the different minerals and grains
in the rocks. In many cases this alignment is the result of the inelastic
strain stored in the rock, and can serve as a microscopic kinematic in-
dicator useful for defining the strain field in the deformed rocks. The
AMS analysis is a useful proxy for characterizing strain directions as
demonstrated in many structural studies of sedimentary and igneous
rocks (e.g., Borradaile and Jackson, 2010; Levi et al., 2014; Tarling and
Hrouda, 1993a; Weinberger et al., 2017 and references therein). Re-
lative to other methods used for detection of rock fabrics (e.g., X-ray
diffraction; Fusseis et al., 2014; Li et al., 2017; Martinez-Martinez et al.,
2016), AMS is a fast and robust method, which results in an average
magnetic fabric consisting of the contribution of all different minerals
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and grains in the rock (Borradaile, 1988). Since the three principal AMS
axes are commonly coaxial with the directions of the three principal
strain axes, analyzing the magnetic fabrics near co-seismic faults may
reveal the components of the inelastic strain field that has developed
during fault propagation.

In this study, we analyze the AMS axes and parameters using
Geographical Information System (GIS) to define the zones of inelastic
deformation around surface ruptures, cross-cutting the late Pleistocene
Lake Lisan sediments within the seismically active Dead Sea Basin. The
geometric reconstruction of these zones allows us to better understand
their formation in association with dynamic fault propagation near the
surface.

2. Geologic setting

The study area is located in Masada Plain, next to the western
margin of the Dead Sea pull-apart basin. In this area, the Masada Fault
Zone consists of dozens of NNW to NNE-striking syn-depositional
normal faults, cross-cutting the Lisan Formation (Marco and Agnon,
2005). The Masada Fault Zone is a part of the Dead Sea Fault system
(DSF), which is an active plate-bounding zone that stretches for about
1000 km, from the northern part of the Red Sea Rift to the East Ana-
tolian fault zone in Turkey, and forms the boundary between the Ara-
bian and African (Sinai) plates (Fig. 1a). The trace of the DSF along its
southern segment in Sinai and Israel is characterized by a series of en-
echelon elongated depressions, extending from the Gulf of Elat (Aqaba)
Basin in the south and through the Arava Basin, Dead Sea Basin, Jordan
and the Hula Basins in the north (Fig. 1b, Garfunkel et al., 1981).

The Dead Sea Basin is a 150 km long, 15-20 km wide pull-apart
structure that was formed between the left-stepping Arava and Jericho
master faults. The western margin of the Dead Sea pull-apart basin is
composed of a ~ N-S belt of zig-zag faults striking between NNE and
NNW and dipping either eastward or westward. These faults are mainly,
with minor dextral or sinistral components, striking NNE and NNW
respectively (Braun et al., 2015; Sagy et al., 2003). They represent E-W
extension and N-S contraction and do not show significant lateral dis-
placement, which seems to be limited to the faults further to the east.

The rocks exposed in Masada Plain belong to the late Pleistocene
Lisan Formation, which comprises a ~ 40 m thick lacustrine sediments
consisting mostly of horizontal laminae of authigenic aragonite and
gypsum layers alternating with fine detritus layers (Begin et al., 1974).
The aragonite precipitated chemically from the upper surface of Lake
Lisan (the precursor of the Dead Sea), whereas the fine detritus, which
contains mainly clay minerals, was carried by annual floods. The la-
custrine sediments are currently widely exposed within the DSB
(Fig. 1b) due to significant shrinkage of Lake Lisan at beginning of the
Holocene. The U—Th age of the Lisan Formation is between ~70,000
and 15,000 years B-P (Haase-Schramm et al., 2004).

Past earthquakes triggered coseismic deformation, including syn-
depositional faults (Marco and Agnon, 1995), injection clastic dikes
(Levi et al., 2011; Levi et al., 2006a); horizontal slip along bedding
planes (Weinberger et al., 2016) and subaqueous slump folds within the
Lisan Formation (Alsop et al., 2017). Paleoseismic records from the
Dead Sea Basin based on breccia layers reveal numerous M > 5.5-6
earthquake events during the last 70,000 years (Enzel et al., 2000; Ken-
Tor et al., 2001; Marco et al., 1996), as well as several M > 7 earth-
quake events (Begin et al., 2005, and references therein). The strongest
recorded event in the Dead Sea Basin was the M = 6.2 earthquake of 11
July 1927; its source mechanism was of a left-lateral motion (Ben-
Menahem et al., 1976; Shapira et al., 1993).

3. Anisotropy of magnetic susceptibility (AMS)
3.1. General

Magnetic susceptibility [K] is a dimensionless second-order tensor,
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which indicates how much a material will be magnetized (M) in re-
sponse to an applied magnetic field (H). The tensor is described by
three principal axes, K;(Knax), K2(Kiny) and K3(Kpin), which correspond
to the maximum, intermediate and minimum eigenvalues magnitudes,
k1(kmax), k2(kint) and k3(kmin), respectively. The AMS is describable by a
magnitude ellipsoid, somewhat similar in concept to the finite strain
ellipsoid with principal susceptibilities as its axes (e.g., Borradaile and
Jackson, 2010). Different parameters depend upon the axial relation-
ship of the susceptibility ellipsoid (Jelinek, 1981): the mean suscept-
ibility (k,, = W); anisotropy degree (P = %); AMS shape factor

(T = z"fln_s“), where n;, n, and ns are the natural logarithms of the

ny

. . 1is]ses +ny+
principal susceptibilities and n = w; T = — 1 represents a

prolate ellipsoid, T = O represents a neutral ellipsoid and T = 1 re-
presents an oblate ellipsoid; magnetic lineation (L = :—;) and magnetic

foliation (F = %). The T and L parameters, are both indicative of the
rock's deformation history (Borradaile and Jackson, 2010; Levi et al.,
2019), and therefore can be used to detect deformation-induced mag-
netic fabrics.

3.2. Magnetic fabrics in geologic settings

Both the AMS and the strain are represented as second-rank tensors
and magnitude ellipsoids, which led to several attempts of correlation
between the two (e.g. Borradaile, 1991; Borradaile, 1987; Casas-Sainz
et al., 2018; Hirt et al., 2000; Hrouda, 1993; Soto et al., 2009, and
references therein). In many cases of deformed environments, fair to
good correlation was found between the directions of the principal
strain axes and the directions of the principal AMS axes (Borradaile,
1991; Borradaile, 1988; Borradaile, 1987; Borradaile and Henry, 1997;
Issachar et al., 2015; Levi et al., 2014; Levi and Weinberger, 2011;
Mamtani and Sengupta, 2009; Oliva-Urcia et al., 2013; Pares et al.,
1999; Soto et al., 2007; Tarling and Hrouda, 1993a). In extensional
basins, the K; axes are either subparallel to the dip directions (Mattei
et al,, 1999; Mattei et al., 1997) or correspond to the maximum
stretching direction (Cifelli et al., 2005). Prominent AMS fabrics in
sedimentary rocks have also been shown to develop under contractional
strain (Borradaile, 1988; Garcia-Lasanta et al., 2013; Oliva-Urcia et al.,
2013), during horizontal slip along bedding planes (Weinberger et al.,
2016), and due to movement of mass transport deposits (Weinberger
et al., 2017).

Lineations and foliations of magnetic fabrics may form as a result of
sedimentary processes, such as deposition and compaction (Hrouda,
1982; Taira, 1989; Tarling and Hrouda, 1993a) and transport of clastics
(e.g. Levi et al., 2006a; Rees, 1971; Rees and Woodall, 1975). Under
earthquake-triggered instability, the sediments may be transported and
associated with various types of deformed structures (e.g., slumps and
brecciated layers; Marco and Agnon, 2005; Beck, 2009). The inelastic
strain field at the propagating dynamic fault tip may facilitate re-ar-
rangement of particles, obliterating the deposition fabrics and forming
deformation fabrics (Levi et al., 2014). Different minerals and grains
may have a different physical response to deformation, resulting in a
net magnetic fabric composed of different sub-fabrics (Borradaile and
Jackson, 2004). Under sedimentary still environments, the particles
settle scattered on the bedding planes (e.g., Rees, 1971; Rees and
Woodall, 1975), and the AMS fabric is characterized by well-grouped
vertical K5 axes perpendicular to the bedding plane and scattered K;
and K, axes, which lie on the bedding plane (hereafter, “deposition
fabric”). Under deformation environments, for example in an exten-
sional regime (Soto et al., 2007), the remote (i.e., tectonic) or local
strain field aligns the particles such that K3, K> and K; axes are well
grouped and coaxial with the maximum (e;), intermediate (e3) and
minimum (e3) shortening axes, respectively (hereafter, “deformation
fabric”; for more details see Levi et al., 2014).

The deformation fabric of the Lisan Formation was previously
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Fig. 1. a) Plate tectonic configuration along the Dead Sea Fault system (DSF). b) Geological map along the DSF after Sneh et al. (1998); Fault segments are marked by
black lines after Sneh and Weinberger (2014). c) Regional setting of the Dead Sea Basin and outcrops of the lacustrine Lisan Formation, after Sneh and Weinberger
(2014). Masada Plain is marked by a red rectangle. Solid lines — main faults at the surface; dashed lines — main faults at the sub-surface; purple triangle — location of

Masada, a world heritage site.

studied near three co-seismic normal faults in the Masada Fault Zone,
which formed surface ruptures at the bottom of Lake Lisan (Levi et al.,
2014). The study shows that the deformation fabrics were developed up
to tens of centimeters from the fault planes, whereas the deposition
fabrics prevail meters away from these planes. The results also de-
monstrate that the deformation-driven magnetic fabrics and the asso-
ciated inelastic strain fields are compatible with co-seismic dynamic
faulting. The present study analyzes the fabrics in a 2D grid around a
representative fault, which allows studying the full spatial extent of
deformation surrounding the fault in decimeter resolution.

3.3. Magnetic properties of the Lisan Formation

The white laminae of the Lisan Formation consist mainly of dia-
magnetic aragonite, while the brownish-green detritus laminae carry
weak remanent magnetization in titanomagnetite, magnetite and grei-
gite grains (Levi et al., 2006b; Ron et al., 2006). A specimen composed
of mostly aragonite (hereafter, “aragonite-rich layer”) show a weak
paramagnetic susceptibility, while a specimen consisting of mostly
detritus (hereafter, “detritus-rich layer”) have a higher paramagnetic
susceptibility. Specifically, the larger titanomagnetite grains (pseudo-

single domain and multi domain) were identified as the main ferro-
magnetic minerals in the detrital layers. The hysteresis curve indicates
that the titanomagnetite grains are pseudo-single domain (PSD) to
strong multi-domain (MD) size (Ron et al.,, 2006). Temperature-de-
pendence susceptibility curves also indicate the presence of titano-
magnetite as well as magnetite (Levi et al., 2006a).

4. Methods
4.1. Structural measurements and sampling strategy

Structural data, including fault-plane orientation and throw, were
collected from 29 faults in Masada Plain. Kinematic indicators such as
slickensides and lineations are generally absence in the soft rock along
the studied fault planes. We therefore assume that the slip motion is
parallel to the dip direction, based on previous works, which studies
displaces markers such as clastic dikes (Jacoby et al., 2015; Marco
et al., 1996; Marco and Agnon, 2005). The P (Pressure) and T (Tension)
axes and focal-plane solutions were calculated using FaultKin 5.2.3
(Allmendinger et al., 2011; Cardozo and Allmendinger, 2013; Marrett
and Allmendinger, 1990). The different structural characteristics were
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Fig. 2. a) Cross section of the studied fault. The trace of the fault is marked by a solid black line. Dashed colour lines mark pairs of layers (i.e., markers) on both sides
of the fault. b) Sampling scheme around the studied fault. Blue dots mark the extracted specimens, taken along horizontal levels marked and labeled in light grey.
Black circles mark the groups used for spatial analyses of magnetic fabric (labeled in black); some specimens are shared between the groups to satisfy statistical
requirements. A4 and A5 (G and R) were taken as representative specimens for the study of magnetic fabric in aragonite-rich and detritus-rich layers. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

plotted on map using GIS, and their spatial distribution was analyzed.
In two representative faults (#3_2 and #1, Supplementary Data, item
#1) the displacement (D) along the fault length (L) in a cross-sectional
view was measured in order to construct a displacement profile, D/L.

The zones of inelastic deformation were studied around a re-
presentative fault (#3_2), which was extensively sampled for magnetic
fabric analysis. The studied fault was chosen due to the following ad-
vantages: 1) Compared to the other faults, it is characterized by a high
maximum displacement value (Dp,.x = ~2.35 m); 2) The non-deformed
horizontal layers near the fault are easily correlated from both sides of
the fault and can be used to construct the D/L profile (Figs. 2a and 3)
The fault is accessible for sampling.

In total, 220 oriented specimens were collected from seven layers,
observed in both the hanging wall and the footwall and some layers
sampled only from the footwall, using 25 x 20 mm (height x diameter)
Perspex (Polymethyl methacrylate) cylinders, which have negligible
diamagnetic susceptibility. The specimens along horizontal and distinct
laminae were sampled up to ~2 m away from the fault plane at ~5 cm
increments, and further up to ~5 m away from the fault plane, at
~0.5 m increments (Fig. 2b). To test the effect of the mineral compo-
sition in the Lisan layers on the magnetic fabrics, the specimens were
sampled from both aragonite-rich and detritus-rich layers. Based on
Levi et al. (2014), the content of the CaCOs in the aragonite-rich layers
in average is ~60%, while in the detritus-rich layers it is significantly
lower than ~50%.

4.2. AMS and rock magnetism

Room-temperature AMS (RT-AMS), Low-temperature AMS (LT-
AMS) and Anisotropy of Anhysteretic Remanent Magnetization (AARM)
were measured with Agico KLY-4S Kappabridge, AMU-1A magnetizer,
LDA-3A demagnetizer and a JR-6A spinner magnetometer at the mag-
netic fabric laboratory of the Geological Survey of Israel. RT-AMS
measurements were performed on all 220 specimens with a 300 A/m

induced magnetic field. The room temperature was kept stable at 24° to
avoid measuring errors due to instrument sensitivity. LT-AMS mea-
surements were performed on selected specimens in order to investigate
which magnetic phases are the main carriers of the AMS. Performing
LT-AMS measurements is similar to AMS measurements, and generally
requires cooling down the specimen and subsequently conducting the
regular AMS measurement. We have followed the protocols developed
by Soto et al. (2014) and Issachar et al. (2016). The latter introduce an
LSR (i.e., molded liquid silicone rubber, commonly used in cookware)
sleeve to protect the instrument coil and reduce measuring errors. The
application of this method for the Lisan specimens encased in Perspex
cylinders proved technically difficult, as many specimens were de-
stroyed by the rapid cooling and heating induced by exposure to liquid
nitrogen. In order to measure the magnetic fabric of the ferromagnetic
minerals, the AARM method was applied in which the specimen is
subjected to a strong (100 mT) alternating magnetic field, which re-
moves magnetization, and at the same time to a weak (50 uT) direct
magnetic field, resulting in the net magnetization of the specimen
parallel to the direction of the direct field. The remanent magnetization
vector was then measured. AARM measurements were performed on
selected specimens with the purpose of comparing the results of both
methods (and LT-AMS).

To test the possibility that the mineral compositions control the
types of magnetic fabric and their spatial distribution around the fault
plane, we compare the AMS and magnetic mineralogy data of re-
presentative detritus-rich and aragonite-rich layers from both sides of
the fault (See Fig. 2b: A4-G, A4-R, A5-G and A5-R).

For the spatial analyses, we interpolate the AMS data in a cross
section around the fault by three different methods: 1) Calculating the
acute angle difference that forms between the K; axes and the strike or
dip direction of the fault (hereafter, ¥ parameter, see next paragraph),
and interpolating around the fault; 2) grouping of the deposition and
the deformation fabrics around the fault (See Figs. 2b and 3) Inter-
polating the values of T-L and P parameters around the fault.
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Fig. 3. a) Stereographic projection of fault planes. Arrows mark the fault slip directions. b) A moment-tensor solution for the fault population displaying a north-
south striking normal faulting (Pressure/Tension axes, blue/red dots, respectively). ¢,’, €2/, and 3’ are the infinitesimal maximum, intermediate and minimum
principal strain axes, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Deformation fabrics related to faulting might be associated with
either K; or K, axes parallel to the strike of the nearby fault (Levi et al.,
2014). The K; axes may be parallel either to the strike or to the dip
direction (i.e., the K, axes are parallel to the strike). The ¥ variable
combines the two options by representing the minimal angle difference
that forms between the K; axes and the strike or the dip direction of the
fault. Therefore, we use ¥ to test the affinity of the deformation fabric
to the faulting — in which a low ¥ implies that there is a high affinity
between the deformation fabric and the fault.

The data are also presented on T-In(L) plot, used to reveal the ki-
nematics and dynamics of a wide variety of seismites in soft sediments.
On this plot, high T (> 0.5) and low L values (< 1.005) are classified as
deposition fabrics, while low T (< 0.5) and high L (> 1.005) values are
classified as deformation fabrics (Levi et al., 2018). The magnitudes and
directions of the AMS axes, as well as the 95% confidence angles and
mean tensor values were calculated using the software package Anisoft
42, which uses the statistical methods of Jelinek (Jelinek, 1981).

To characterize the ferromagnetic minerals of the Lisan layers near
the fault, temperature dependent susceptibility measurements and
Isothermal Remanent Magnetization (IRM) were preformed using KLY-
4S Kappabridge with a CS3 furnace and ASC model IM10-30 Impulse
Magnetizer, at the paleomagnetic laboratory of the Institute of Earth
Sciences, the Hebrew University of Jerusalem. The AF Demagnetization
and the magnetization measurements were conducted using the LDA-3A
demagnetizer and JR-6A spinner magnetometer, respectively.

4.3. Susceptibility phase separation

The separation of the total magnetic susceptibility into diamagnetic,
paramagnetic and ferromagnetic susceptibilities, was carried out by
combining the measurements of RT-AMS, LT-AMS and AARM (e.g.
Issachar et al., 2016; Soto et al., 2014, and references therein).

The mean susceptibility measured in room temperature is defined as
the sum of diamagnetic, paramagnetic and ferromagnetic respective
mean susceptibility contributions:

KR = kg + Kinp + Ky '6))

The mean susceptibility measured in low temperature is defined as:

kET = kg + aokip + kg 2

where a is the ratio between room temperature and the low tempera-
ture (3.2 at a room temperature of 273 K and a low temperature of 85 K
— the temperature of liquid nitrogen).

By subtracting (1) from (2) we obtain the paramagnetic mean sus-
ceptibility - at room temperature:

Pt
T a1 3

It should be noted that Eq. (3) assumes that the mean susceptibilities
of the diamagnetic and ferromagnetic phases are temperature in-
dependent. In the case of the ferromagnetic phase, the mean suscept-
ibility may change at low temperatures, namely due to Verwey transi-
tion in magnetite-titanomagnetite, or Morin transition in hematite
(Morin, 1950; Verwey, 1939). Nonetheless, where rocks are char-
acterized by a relatively high ratio of paramagnetic to ferromagnetic
content, it is expected that the susceptibility change at low temperature
be controlled by the paramagnetic phase. As the susceptibility of pure
aragonite is —15 X 107° sI (Tarling and Hrouda, 1993b), the dia-
magnetic mean susceptibility can be estimated using the content of
aragonite in the aragonite-rich and detritus-rich layers (see 4.1),
yielding a diamagnetic mean susceptibility of —10 x 107¢ SI
and — 6 X 107 ° S, respectively. After obtaining both k., (using Eq.
(3)) and kpq, k¢ is calculated using (1).

5. Results
5.1. Structural data

Table 1 (Supplementary Data, item #1) summarizes the structural
measurements of each fault, including the fault-plane orientation and
maximum throw. The stereographic projection of the fault planes
(Fig. 3a) shows two main sets of faults: 1) Sixteen faults dipping to the
east (synthetic to the major Dead Sea west margin fault) and 2) Thirteen
faults dipping to the west (antithetic to this fault). The dip and dip
direction of the synthetic faults (in average) are 50° and 104°, respec-
tively, whereas the dip and dip direction of the antithetic faults (in
average) are 46° and 254°, respectively. The derived fault-plane
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article.)

solution shows an average N-S striking normal mechanism, with max-
imum vertical shortening (e;”) and maximum E-W horizontal extension
(e3’, Fig. 3b). The maximum throw along the fault planes ranges be-
tween 5 and 189 cm, with an average value of 68 cm (Supplementary
Data, item #1). Based on the interpolation map of the throw of the
normal faults (Fig. 4), two areas of high maximum throw (1.5-2 m) are
identified in the study area: one in the northern part and the other in

the southern part of the study area.

Fault #1 and fault #3_2 are located near the southern contour of
maximum throw. In fault #1, 17 pairs of layers (hereafter, “markers”)
were identified in the footwall and hanging wall whereas in fault #3_2
eight pairs of layers were identified in the footwall and hanging wall
(Fig. 2a). The D/L of Fault #1 is characterized by semi-trapezoid shape
(Marco and Agnon, 2005) with maximum displacement of 2.5 m
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Fig. 8. Representative thermomagnetic curve for: a) detritus-rich layer and b) aragonite-rich layer. c) and d) are enlarged heating curves for the detritus-rich and
aragonite-rich layers, respectively. The steep gradient of the susceptibility around 600 °C in both curves is attributed to magnetite/titanomagnetite. e) and f) IRM
curves of the detritus-rich and aragonite-rich layers, respectively. Saturation values and the associated magnetic fields are similar for both specimens, and are typical
of magnetite. The detritus-rich layers (e) show much higher maximum saturation values than the aragonite-rich layer values (f).

(Supplementary Data, item #2), while the displacement profile of Fault
#3_2 is characterized by triangle (cone) shape (Muraoka and Kamata,
1983) with maximum displacement of 2.35 m (Fig. 5). In both faults the
displacement decreases steeply along the fault towards the surface until
reaching zero displacement.

5.2. Effect of mineral composition on magnetic fabrics

The mean susceptibility values of the Lisan specimens are between 5
and 186 x 10 ° SI with an average value of 55 x 10~° SI (Fig. 6a).
Most of the specimens of the aragonite-rich layers have lower sus-
ceptibility values (< 50 X 107° SI) than those of the detritus-rich

layers with P values ranging from 1.02 to 1.08 (Fig. 6b). Specimens of
detritus-rich layers have higher susceptibility values (> 100 x 10~°
SI) with P values ranging from 1.005 to 1.04 (Fig. 6¢). Specimens
containing a mixed composition of aragonite and detritus have sus-
ceptibility values ranging from 50 to 100 x 10~ ° SI (Fig. 6a).

Fig. 7a shows the magnetic fabrics of two pairs of distinct layers
located on both sides of the fault. Two are aragonite-rich layers (labeled
R), and the other two are detritus-rich layers (labeled G). In all four
layers, deformation fabrics are identified, in which the three AMS axes
are well grouped. In the footwall specimens, the K;, K> and K3 axes are
compatible with the fault plane solution (e3’, €, and €;’ respectively,
Fig. 7b). In the hanging wall, a similar behavior is observed for the
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specimens close to the fault plane, while in the specimens located away
from the fault plane the directions of the AMS axes are more diverse.
The adjacent aragonite-rich and detritus-rich layers have similar mag-
netic fabrics as seen in the stereograms of Fig. 7.

5.3. Magnetic mineralogy and phase separation

The thermomagnetic curves (Fig. 8a,b) of the aragonite-rich and
detritus-rich layers show that the dominant magnetic carrier of all
specimens is magnetite, characteristic of the Lisan Formation (Levi
et al., 2006b; Marco et al., 1998). The heating and cooling curves of
both materials decreases gently around 580 °C, attributed to the Curie
temperature of magnetite (Butler, 1998). The higher susceptibility va-
lues of the cooling curves can be attributed to formation of new mag-
netite under high temperatures (Hrouda, 1994). The thermomagnetic
curve of the detritus-rich specimen is characterized by a higher sus-
ceptibility value (40 x 107¢ SI) than the aragonite-rich specimen
(16 x 107 SI), due to the high content of ferromagnetic minerals in
the former.

The IRM acquisition curves (Fig. 8e,f) shows saturation around 300
mT (Butler, 1998), which is indicative of magnetite grains. While the
average maximum magnetization of detritus-rich layers is 1.035 A/M,
the aragonite-rich layers are 0.2225 A/M (average). This large differ-
ence implies that the detritus-rich layer has a high concentration of
ferromagnetic minerals, consistent with their high mean susceptibility
value (Fig. 6a).

The ky,""/ k" plot of aragonite-rich and detritus-rich layers shows
a high linear correlation (R* = 0.95, Fig. 9), which indicates mostly
constant diamagnetic and ferromagnetic contents and varied para-
magnetic contents (Issachar et al., 2018). The aragonite-rich and det-
ritus-rich layers have similar k,,""/k,*" slopes (2.84 and 2.87 for ara-
gonite and detritus, respectively), which is close to the expected value
(~3.2) for pure paramagnetic samples (Issachar et al., 2016). The in-
tercept where kX7 = ky'T, is —9.3 x 107 ° SI for the aragonite-rich
layer and 17.01 X 107° SI for the detritus-rich layer. These two in-
tercepts indicate the predicted sum of mean susceptibility of the dia-
magnetic and ferromagnetic phases in the aragonite-rich and detritus-
rich layers, respectively (i.e., ky, = kma+kmg)- Based on the procedure
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described in Section 4.3, Fig. 10 shows the contribution of each mag-
netic phase to the total mean susceptibilities measured in the aragonite-
rich and detritus-rich layers. Both types of layers show a weak dia-
magnetic contribution to the total mean susceptibility, compared to the
paramagnetic and ferromagnetic phases. In the detritus-rich layers, this
finding is more dominant as the ferromagnetic and paramagnetic con-
tributions (up to ~97%) are much larger than that of the diamagnetic
contribution phase (up to ~8%). In the aragonite-rich layers, the
paramagnetic phase is the main contributor (up to 70%) to the total
mean susceptibility for all specimens. In the detritus-rich layers, the
ferromagnetic phase could equally contribute to the total mean sus-
ceptibility as the paramagnetic phase.

The comparison of the RT-AMS, LT-AMS and AARM fabrics of re-
presentative specimens (aragonite-rich and detritus-rich layers) shows
similar deformation fabrics for the RT-AMS and LT-AMS, in which the
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K3, K> and K3 axes are well grouped and have the same mean directions
(Fig. 11). In both methods the confidence ellipses are somewhat similar.
The AARM measurements of the same representative specimens shows
a foliated deformed fabric for the detritus-rich layer (Fig. 11c), whereas
in the aragonite-rich layer a sub-deposition fabric is seen (Fig. 11f).

The comparison of the RT-AMS and AARM measurements of re-
presentative specimens shows three different cases: (1) deformation
fabrics for both RT-AMS and AARM analyses (Fig. 12, a and c versus f
and h), (2) deposition and deformation fabrics for RT-AMS and AARM
analyses, respectively (Fig. 12, b versus g), and (3) deformation and
deposition fabrics for RT-AMS and AARM analyses, respectively
(Fig. 12, d and e versus i and j).
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mentary Data, item #4 for AMS data table). b) AMS axes analysis around the fault. Red and green zones mark the deformation and deposition fabrics, respectively. c)
Interpolation of the ¥ variable around the fault. Red and green zones have high and low affinity to the fault, respectively. d) Interpolation of the T-L values around the
fault. Red and green zones mark areas of high L/low T and high T/low L, respectively. The point of maximum displacement along the fault is marked by a yellow
diamond. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5.4. Spatial distribution of magnetic fabrics

Fig. 13a and Table 3 (Supplementary Data, item #4) shows the
magnetic fabrics in the area surrounding the fault: deposition fabrics
(16 stereograms marked by green circle) and deformation fabrics (31
stereograms marked by red circle). The two types of fabrics do not seem
to appear in specific distances from the fault plane, but rather in a
patch-like pattern. While in some areas, the deformation fabrics display
K; axes, which are parallel to the fault plane solution &3’ shortening
axis, the remaining deformation fabrics display varied directions of K;
axes.

Based on the AMS axes analysis using GIS, four main deformation
zones are identified as follows (Fig. 13b): Two zones are located
asymmetrically at the fault edges, where the displacement values are
the lowest, and two zones are located in the center of the fault trace,
where the displacement values are the highest. In the footwall and
hanging wall, the main deformation zones are located up to 2.5 m and
1.5 m away from the fault plane, respectively. Fig. 13c shows the dis-
tribution of the ¥ variable around the studied fault. Similar to the AMS
axes analysis, the ¥ analysis shows the patch-like pattern, in which the
AMS axes are arranged in an asymmetrical geometry around the fault.
While the ¥ map shows many areas with affinity to the fault, the four
aforementioned deformation zones have distinctively low ¥ values,
implying high affinity to the faulting process.

Based on the analysis of the T-L values, three deformation zones are
identified (Fig. 13d), where two zones are located asymmetrically at the
fault edges similar to the map of the AMS axes analysis (Fig. 13b). In
this method, the main deformation zone in the footwall is located up to
2 m away from the fault plane, while in the hanging wall the main
deformation zone is located up to 1 m away from the fault plane. The
contouring of the P parameter shows that the area with the highest P
values is located mainly in the upper section of the footwall (Supple-
mentary Data, item #5).

Fig. 14 shows the T/In(L) plot of specimens that are presented in
Fig. 13a. Based on the fabric types, two main groups are obtained:
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deposition fabrics (group A), with T values ranging from T = 0.79 up to
T = 0.95 and L values ranging from L = 1.001 up to L = 1.03, and
deformation fabrics (group B), with T values ranging from T = 0.49 up
to T = 0.91 and L values ranging from L = 1.001 up to L = 1.06 (see
also Levi et al., 2018).

6. Discussion
6.1. Co-seismic faulting in Masada Plain

The normal faults in Masada Plain are an expression of moderate to
strong (see below) earthquakes that occurred during the Ilate
Pleistocene along the western margin of the Dead Sea Basin (Marco and
Agnon, 1995). The focal plane solution of 29 normal faults (Supple-
mentary Data, item #1) represents earthquake events, which are
characterized by E-W extension (Fig. 3b). These findings are in agree-
ment with studies carried out in the Dead Sea Basin (Braun et al., 2015;
Marco and Agnon, 1995; Sagy et al., 2003) and in the other basins
(Issachar et al., 2018; Issachar et al., 2015; Levi et al., 2019) located
along the southern sector of the DSF. These studies show that during the
Plio-Pleistocene the left-lateral motion was accompanied by an exten-
sional component, normal to the trace of the DSF. Furthermore, these
findings are in agreement with fault measurements in the Wadi Darga
fan-delta, located about 20 km north of the study area, which were
attributed to Holocene earthquake events (Eyal et al., 2002).

The observations show that the normal faults in the study area
propagated close to the surface or even ruptured the surface.
Considering that the maximum throw close to the surface was up to 2 m
(Fig. 4), it can be assumed that the earthquakes were strong enough to
rupture the bottom of Lake Lisan. The interpolation of throw in the
study area has shown two local maxima regions: in the northern and
southern parts of the study area (Fig. 4). Two possible alternatives may
explain these findings: (1) The local maximum throw regions represent
two distinct fault segments, which may further merge downwards in the
sub-surface, and (2) The two local maximum throw areas represent two
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Fig. 13. (continued)

different earthquake events that were focused in different parts along a
single sub-surface master fault. In agreement with the first alternative,
seismic reflection profiles show that in the sub-surface close to the
study area the DSF system is characterized by a normal (negative)
“flower structure” where in Masada Fault Zone the fault traces are
extending ~250 m below the surface (Agnon et al., 2006) and probably
merged further at depth (Fig. 15).

According to Marco and Agnon (1995) the observed surface rup-
tures at the bottom of Lake Lisan in the study area were formed during
three to five earthquake events with magnitudes of M > 5.5. This
suggestion has been corroborated later by measuring the seismites
around faults (Marco et al., 1996), and by measuring the cumulative
slip along co-seismic faults (Marco and Agnon, 2005). The results show
that Fault #1 that exhibits three slip events, characterized by a semi-
trapezoid shape of D/L with D,,x = 2. 5 m (Supplementary Data, item
#2). On the other hand, Fault #3_2 is characterized by a triangle (cone)
shape of D/L with D,y = 2.35 m (Fig. 5). Bearing in mind that the D/L
profile is more likely to appear as triangle-shape in a single event (Kim
and Sanderson, 2005), it is suggested that the studied fault (#3_2)
propagated during a single event. In that case, the maximum dis-
placement of 2.35 m (i.e., dip separation) suggests a minimum earth-
quake magnitude of M = ~6.5 (Wells and Coppersmith, 1994). Hence,
it is likely that the exposed faults in Masada Plain represent the upward
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fault propagation of the Dead Sea western margin fault towards the
surface under E-W extension, coaxially with extensional stress. We
suggest that some of the faults, including the studied fault could have
developed during moderate (M = ~6-6.5) earthquake events (Fig. 15).

6.2. Zones of inelastic deformation around surface ruptures

The aragonite-rich and detritus-rich layers are differentiated by
their magnetic susceptibility values, temperature dependent suscept-
ibility, and IRM analyses (Figs. 6, 8). However, they have similar values
(in average) of AMS parameters (Fig. 6b,c), share the same types of
magnetic fabrics and ¥ values near and away from the studied fault
(Fig. 7, see #6.3 below). In addition, the aragonite-rich and detritus-
rich layers share the same deformation fabrics that are compatible with
the fault-plane solution (Fig. 7b). Notably, the analysis of the T/In(L)
plot (Fig. 14) greatly strengthens the separation of the magnetic fabrics
into deposition and deformation fabrics (Fig. 13a). Hence, it appears
that the deformation fabrics indicate the spatial extent of the inelastic
deformation formed by the co-seismic faults with no dependency on the
type of lithology (either aragonite-rich or detritus-rich layers).

Static strain accumulates near the fault plane or tip during the arrest
of fault propagation, usually due to long-term steady plate motions. If
the deformation fabrics were formed under such conditions, a
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symmetrical distribution of deformation fabrics around the fault would
be expected (Faulkner et al., 2010), in disagreement with the present
observations (Fig. 13). Moreover, it is questionable whether the very
low strain magnitudes expected near the surface would be enough to
change deposition fabrics into deformation fabrics, considering also the
properties of the soft Lisan sediment (i.e. wet), and its low cohesion.

The analyses of the magnetic fabrics around the representative fault
shows five main findings that can be further explained by models of
dynamic rupture propagation: 1) The AMS axes of the deformation
fabrics vary from one place to another with regard to the fault's dip
direction. While some of the K; or K, axes are sub-parallel to the dip of
the fault, the directions of other K; or K, are varied. This indicates that
the inelastic strain creates distinct deformation fabrics, but it does not
necessarily cause the K; or K, axes to align with the dip direction; 2)
Two zones are located asymmetrically at the fault edges, where the
displacement values are the lowest, and one (Fig. 13d) or two zones are
located at the center of the exposed fault trace, where the displacement
values are the highest (Fig. 13b). This indicates that the zones of in-
elastic deformation becomes wider in the hanging wall and the footwall
as the distance increases from the maximum displacement point
(Fig. 13); 3) Among the deformation zones, along the trace of the fault
(e.g., Fig. 2a), there are several areas (green polygons in Fig. 13) that
have not undergone a significant inelastic deformation; 4) The widest
zone of inelastic deformation is diagnosed in the upper section of the
footwall, which is also characterized by higher degree pf anisotropy (P)
values and seven AMS stereograms which are compatible with the fault-
plane solution (Fig. 7b); and 5) The maximum width of the inelastic
deformation zone (W, = 2.5 m) in the footwall is similar to the
maximum displacement (D, = 2.35 m) measured in the representative
fault (Fig. 5).

Ma and Andrews (2010) present 3D models of dynamic rupture
propagation under conditions of low confining pressure. These models
show that the inelastic strain field is changeable around the propagated
ruptrues, in agreement with the present results, which show that the
directions of AMS axes may vary significantly in the deformation zones
(finding #1). In dynamic fracture propagation, the size of the damage
zone and its geometry depend mainly on the ruptrue propagation ve-
locity (Rice et al., 2005). In this mode of formation, the width of the
inelastic zone (W), could be much narrower than that formed by the
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quasi-static propagation, and could be asymmetric around the faults
(Ben-Zion and Shi, 2005; Faulkner et al., 2011; Rice et al., 2005). The
extent of the inelastic deformation increases with the propagation dis-
tance (either bilaterally or unilaterally) from the point of maximum
displacement (finding #2). For a non-planar dynamic rupture, the
asymmetric zone of inelastic deformation shows discontinuities within
it, where deformation has not been accumulated (finding #3). This
phenomenon occurs due to the formation of stress perturbations caused
by fault roughness which impacts the rupture propagation. The het-
erogeneities affect the slip distribution, cause rapid accelerations and
decelerations of the rupture front, and affect the occurrence of plastic
strain (Madhur et al., 2014, Fig. 4d).

In the present study, the range of W/D,, values (roughly between
0.1 up to 1.4), the variations of the K; or K, axes (finding #1), the
asymmetrical geometry of the inelastic strain field (finding #2), the
formation of patches of inelastic deformation (finding #3) and the si-
milarity between W,, and D,, (finding #5), all strongly support the
development of the inelastic deformation during a single event of dy-
namic fault propagation. If there had been multiple propagation events,
we would expect a continuous inelastic deformation at least in one side
of the fault. Since it was found that the widest zone of inelastic de-
formation is diagnosed in the upper section of the footwall, which is
also characterized by a higher degree of anisotropy (P), it is quite
possible that the main fracture propagation was towards the surface as
expected during an earthquake event (Fig. 15).

Marcén et al. (2019) show that the directions of AMS axes in the
deformed zone of a large-scale active normal fault system (Baza Fault
System) is compatible with the local strain field. They infer that the
lithology and distance from secondary fault planes control the devel-
opment of extension-related magnetic fabrics. The present results show
that the magnetic deformation fabrics could be arranged differently
around the fault. For example, while some of the K; or K, axes are sub-
parallel to the dip of the fault, the directions of other K; or K, are
varied. Moreover, zones of deposition fabrics are found also close to the
fault plane. It is likely that these differences between the two studied
areas are mainly related to the deformation settings in which the
magnetic fabric developed. In the case of “Baza Fault System” the de-
formation around the faults is the sum of several seismic and a-seismic
slip events that occurred during a long-lasting extensional regime. On
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Fig. 15. Schematic cartoon illustrating the Masada Fault Zone and its assumed
continuation downwards at the western margin of the Dead Sea Basin.
Hypothetical earthquake with a normal mechanism ruptures the surface (i.e.,
bottom of Lake Lisan), forming inelastic zones of deformation along individual
fault strands. The inelastic strain field at the propagating dynamic fault tip may
facilitate re-arrangement of particles, obliterating the deposition fabrics and
forming deformation fabrics. The studied fault (red lines) formed during a
single earthquake event while other faults (black lines) formed in other events.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

the other hand, the studied fault propagated during a single event of
seismic slip, forming a “patch-like” pattern of inelastic deformation
with varied directions of the AMS axes. Certainly, differences caused by
the resolution of spatial sampling should also be considered in the
comparison between the two studies.

6.3. Magnetic phases in the Lisan Formation

The similarity of RT-AMS and LT-AMS deformation fabrics (Fig. 11)
for the detritus-rich layers suggest that the paramagnetic phase dom-
inates the total magnetic fabric (Kuehn et al., 2019; Marcén et al.,
2019) in those layers. The contribution of the diamagnetic phase to
mean susceptibility of the detritus-rich specimens is negligible. While
the ferromagnetic phase contributes to the mean susceptibility of the
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detritus-rich specimens (Fig. 10), the AARM shows different fabrics
compared to the tectonic RT-AMS and LT-AMS (Fig. 11). In general, the
AARM fabrics are different than the RT-AMS fabrics. For example, in
Fig. 12d the RT-AMS fabric is deformation, while the AARM fabric is
deposition (Fig. 12i). In contrast, in Fig. 12b the RT-AMS fabric is de-
position, while the AARM fabric is deformation. This means that the
response of the ferromagnetic phase to a certain inelastic strain mag-
nitude could be different than that of the paramagnetic phase (see also
Levi et al., 2014; Weinberger et al., 2017).

In the aragonite-rich layers, while the similarity of the RT-AMS and
LT-AMS deformation fabrics also implies the dominance of the para-
magnetic phase, the contribution of the diamagnetic and ferromagnetic
phases must be considered. The predicted kg + k¢ (Fig. 10), which is
close to the susceptibility value of pure aragonite implies to the im-
portance of the diamagnetic phase. Moreover, higher P values (in
average) are observed in the aragonite-rich layers in comparison with
the detritus-rich layers, for both deformation and deposition fabrics
(Fig. 6b, 6¢; See also Levi et al., 2018), suggesting that the aragonite is
inherently more magnetically anisotropic than the phyllosilicate.
Therefore, in an evolved magnetic fabric acquired during deformation,
the magnetic fabric of the diamagnetic phase is expected to be domi-
nant in aragonite-rich layers.

Based on Borradaile and Jackson (2010), if the content of the Fe2 +,
Fe3+ and Mn2+ ions (i.e., the major sources of paramagnetic mi-
nerals) is more than 0.5% (i.e., by mass), the positive susceptibilities of
these ions outweigh the diamagnetic susceptibilities of the bulk mate-
rial. In the aragonite specimens the percentage of Fe and Mn is less than
0.2%, implying also the dominancy of the diamagnetic fabric (Levi
et al.,, 2014). The AARM of the aragonite-rich layers shows a sub-de-
position fabric. While similar in magnetic axes directions to the RT-AMS
and LT-AMS fabrics, the confidence ellipses are larger (Fig. 11).

We suggest that the high level of the inelastic strain that was de-
veloped close to the propagating rupture tip (e.g., Freund, 1998) ro-
tated the paramagnetic clay minerals and the diamagnetic aragonite
needles (Fig. 15). In previous works (Alsop et al., 2020; Weinberger
et al., 2017), it has been shown that aragonite needles and phyllosili-
cate plates were aligned the fold hinges in earthquake-triggered slump
folds in the Lisan Formation. In the phyllosilicate case it is possible that
the clusters of phyllosilicate form an apparent shape, in which the axes
of the intersection between the differently oriented basal planes (Cifelli
et al., 2004) are parallel to the K; axes and to the maximum extension
axes (e3"). In this case the perpendicular axes to the basal planes are
parallel to the K3 axes and to the maximum shortening axes (¢;”). In the
case of clusters of aragonite, it is likely that the c-axes of the aragonite
needles are parallel to the vertical K3 axes and to the maximum
shortening axes (¢1”), whereas the long axes of the apparent shape is
parallel to K; axes and to the maximum extension axes (e3").

We note that in this study the LT-AMS and phase separation
methods were applied for the first time to characterize the magnetic
phases of the Lisan Formation. In future work, the complex and varied
mineralogy of the Lisan Formation should be further studied.
Specifically, in order to better study the contribution of the diamagnetic
phase, it is suggested to look for relatively thick (> 2 cm) and seldom
observed Lisan layers with negative susceptibility, which consist solely
of aragonite. This will help to better elucidate the role played by the
aragonite needles to the deformation fabrics by comparing a pure dia-
magnetic fabric with composite magnetic fabrics in the Lisan
Formation. The ferromagnetic phase, which shows both similar and
different fabrics compared to the RT-AMS fabrics, should also be further
studied.

7. Conclusions
The results show that in the detritus-rich layer the paramagnetic

phase is dominant, with some ferromagnetic contribution. In the ara-
gonite-rich layer, the paramagnetic and the diamagnetic phases are
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both dominant with possibly some ferromagnetic contribution.

Deformation fabrics detected close to the surface ruptures reveal the
inelastic strain that was formed during co-seismic faulting associated
with M > 6.5 earthquake events in the Dead Sea Basin, triggered
mainly by E-W extension as revealed by structural measurements and
analysis of fault-plane solutions.

Spatial analyses of the AMS data near a representative co-seismic,
single slip fault, shows three main zones of inelastic deformation: Two
zones are located asymmetrically at the fault edges, where the dis-
placement values are the lowest, and one zone is located where the
displacement values are the highest. Stress perturbations formed during
fault propagation along a rough or asperity-rich plane, may be the
origin of the “patch-like” distribution of deformation around the fault.
Moreover, the fault propagated during a single event, contributing to
this discontinuous deformation. The main propagation of the fault was
towards the surface, as indicated by: (1) the widest zone of inelastic
deformation which was diagnosed in the upper section of the footwall
and characterized by high degree of anisotropy (P) values, and (2)
many of the AMS principal directions are compatible with the fault-
plane solution in this area.

This study demonstrates that AMS analyses can be used for de-
tecting zones of inelastic deformation around faults and surface rup-
tures, namely by studying the spatial distribution of AMS data, which
could be useful for characterizing the individual earthquakes that
ruptured the host rock.
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