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Abstract. The Arava valley is located at the southern part An analysis of the faults detected by GPR in Evrona
of the Dead Sea Rift (DSR). The continuous long-term tec-helped in evaluating the relative level of tectonic activity
tonic activity in the area of Evrona fault zone, southern Ar- of an active fault zone. According to this approach, the
ava valley, is evident with abundant geological expressionsneotectonic history of the Evrona fault zone during the last
while the neotectonic activity is not very clear on the sur- 45000yr is recorded. The GPR record reveals a peak in tec-
face. Furthermore, surficial inspection may give the im-tonic activity within 18 000-27 000ybp. This peak in tec-
pression that this prominent transform plate-boundary hardIytonic activity is about 37% higher than the average tectonic
produces meaningful evidence for recent tectonic activity. activity of the whole period. The level of tectonic activity
However, Ground Penetrating Radar (GPR) imaging,in the recent period recorded by GPR (0—9000 ybp) is about
which has been conducted across the Evrona fault zone ujf0% of the average tectonic activity and about 50% of the
to a depth of approximately 25 meters below the surface, repeak activity. These values and the decreasing trend in the
veals a dense inhomogeneous distribution of subsurface digectonic activity since the peak wave suggest that the most
continuities. These hundreds of discontinuities per a kilome-recent period is tectonically quiet.
ter length of GPR profile can be interpreted as sets of frac-
tures and faults, with a variety of dip-slips, spatial orienta-
tions and depths. Another uniqgue GPR observation reveals )
that the density of faults increases as a function of depth a  ntroduction
the first 25 m. Moreover, the apparent dips of the faults sug- ] ] o ) ]
gest that they merge at a depth of a few tens of meters. Thissrael is Iocat.ed in a seismically active region, where earth-
is confirmed by Shallow Seismic Reflection (SSR) observa-duakes are triggered mostly by plate motion along the trans-
tions conducted at the same locations, which generally idenform boundary of the Dead Sea Rift (DSR) (Fig. 1a, after
tify a parent fault below group of faults that are detected byBartov, 1990). The DSR is one of the most conspicuous ge-
the GPR. According to both seismic and radar observations, 8109iC features in the Middle East, with a total left lateral
typical single active fault which is traced through the top hun- SliP of 105km accumulated since Middle Miocene (ca. 17—
dred meters, changes its characteristics abruptly as it reach€9 M&) (Quennell, 1959; Freund et al., 1970; Bartov, 1974;
a depth range of about 35-20 m below the surface. It therpteinitz et al., 1978; Garfunkel, 1981; Bgndel and Khouri,
proceeds towards the surface in a series of splays. As a resul?81; Joffe and Garfunkel, 1987). According to these values,
of this mechanism, the tectonic displacement that accumuth® @verage motion along the transform boundary is about 5-
lates along a plane of a parent fault is dispersed towards th8 MM/yr.
surface. Linear Shear Strength Decrease (LSSD), damage The Evrona fault, Wh|Ch iS a prominent |eft'|atera.| Strike
distribution and fault propagation modelling of the relations Slip-fault of the DSR extends along the northwest part of the
between the structure and distribution of the faults and theGulf of Elat (Agaba), from the Gulf’s head across the coast-
mechanical properties of the alluvial materials of Evrona em-line to the sedimentary basins of the southern Arava valley

phasize the splay mechanism and other phenomena revealégen-Avraham et al., 1979a, b; Ben-Avraham, 1985; Reches
by the GPR images. etal., 1987; Ben-Avraham (1992); Ben-Avraham and Zoback

(1992); Ben-Avraham and Tibor, 1993; Shamir, 1996; Galli,
Correspondence tdJ. Basson (uri@geo-sense.com) P., 1999; Fig. 1b). On land, it crosses the Elat sabkha, the
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Evrona playa and the eastern part of the Yotveta playa (Zaknoderately to poorly sorted matrix, which varies from silty
and Freund, 1966; Garfunkel, 1969, 1970, 1981; Garfunkeimud to coarse sand. Most of the alluvial sediments were de-
etal., 1981). posited by high and catastrophic flood events. On the stable
The studied portion of the Evrona fault, which includes alluvial terraces and along the stable fault-scarps, Reg soils
the Evrona playa in its center, is located about 10-15 kmdeveloped (Amit et al., 1994, 1995).
north of the Gulf of Elat (Agaba) (Fig. 1b). The youngest
surface ruptures, which were detected and mapped by Gar-
funkel (1969, 1970), were recently found to be partof abroad2.1 The area of Evrona
zone of shearing, concealing a range of shallow recent active
faults that are partially revealed on land as fault scarps and
lineament structures (similar to other broad shear zones obThe Evrona playa is a 10 km long and 0.5-2 km wide mor-
served in unconsolidated deposits, compact and loose allyshological depression, crossed diagonally by th2km
vium) (Johnson et al., 1993, 1994; Lazarte et al., 1994).  wide Evrona fault zone (Garfunkel, 1981; Fig. 1b). This
The purpose of this study was to investigate the shallowbasin is one of several en-echelon tectonic basins bounded by
subsurface rupture structure of the Evrona fault zone in or-subparallel left-stepping faults that are developed north of the
der to understand the pattern of faulting and the fault zoneGulf of Elat (Ben-Avraham et al., 1979a, b; Ben-Avraham,
mechanisms. The study addresses several questions: Do&885; Garfunkel, 1981; Freislander, 1994, 1995a, b; Bar-
the surficial rupture reflect the subsurface rupturing? What igov et al., 1998). These basins are filled with fluvial sedi-
the structure and the distribution of faults across the Evronanents and range in depth from several hundred meters to a
fault zone, as a function of location and depth? Does thefew kilometers (Ben-Gai et al., 19933, b; Freislander, 1994,
broad Evrona shear zone consist of distinct belts of sheal995a, b). Shallow trenches that were excavated in the area
zones? How does the shallow structure of faulting reflectof the playa expose several meters of alternating fluvial and
the mechanism of faulting at depth? playa deposits, mainly coarse sands, fine sands, silty sands,
During the study, results of Ground Penetrating RadarSilts and silty clays (Amit et al., 1999). In the area of the
(GPR), were integrated with results of Shallow Seismic Re-Evrona basin, the Evrona fault zone consists of several frac-
flection (SSR) and trenching. More than 20km of high- tures that create visible lineaments, most of which are quite
resolution GPR profiles were collected, processed and angsharp and straight. Many of the faults have a vertical slip
lyzed. As a result, the study presents a unique documentatioplane and are straight, which is typical of strike-slip faults.
of shallow subsurface rupture structures through ca. 45 0o@\ccording to Zak and Freund (1966), the Evrona fault has
years of tectonic activity, as revealed by high-resolution GPRshifted alluvial fans at the eastern part of the southern Arava
profiles. The study reveals the shallow subsurface in theby about 600 m during the Late Pleistocene. Other evidence
Evrona fault zone, presenting its diffused faulting charac-of this shift during 50 000—70 000 years ago have been found
teristics. It shows that the shallow structure, mapped byin coral reefs in the Gulf of Elat (Reches et al., 1987). Deep
GPR, contains a significant geological record of recent fault-seismic reflection and SSR surveys across the Evrona shear
ing activity that is far more extensive than previously doc- zone reveal several flower structures typical of strike-slip
umented. The shallow fault structure observed during thefaults (Ben-Gai et al., 1993a, b; Freislander, 1995a; Shtivel-
field study was compared with the results of numerical sim-man et al., 1995).
ulations that allow examining the faulting mechanism within
the top 100 m of the Evrona fault zone.
2.2 Paleoseismicity of Evrona

2 The southern Arava valley

Paleoseismic analysis of sediments in the Evrona playa re-
The southern Arava valley, bordered by relatively high veals that at least six events M) have affected the area in
mountains to the east and west is a distinct morphologicathe last 14 000 years (Amit et al., 1999). The recurrence in-
unit of the DSR (Garfunkel, 1970; Gerson and Grossmanterval of large earthquakes (M) during the Pleistocene to
1991; Fig. 1b). The difference between the two marginsHolocene is estimated to be in the range of 1200-2000 years
of the southern Arava valley and the variability in lithol- (Gerson at al., 1993; Amit et al., 1996; Porat et al., 1996,
ogy, structure and geomorphic features are remarkable duEnzel et al., 1994, 1996). Fault scarp degradation model-
to the large horizontal displacement along the strike-slip ofing and luminescence dating of faulted Holocene alluvial fan
the DSR. Surficial features were formed under a varying aridsurfaces on the western margins of the Evrona playa, indi-
climate. During most of the Quarternary the region experi-cate that at least one large earthquake-@b) has occurred
enced a mild to extremely arid climate; at present, the cli-during the last 2000 years (Enzel et al., 1996; Zilberman et
mate is extremely arid. The margins of the Arava valley al., 1996). Amit et al. (1999) show that the most recent tec-
are bordered by large alluvial fans formed mostly during thetonic event occurred in the last 1000 years, displacing the
Pleistocene epoch. The fans are characterized by weakly teurface by at least 1 m, which implies an-M.5 earthquake
moderately bedded deposits dominated by coarse clasts inmagnitude.
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Fig. 1. (a) The Dead Sea Rift, a transform boundary between the Arabian plate and the Sinai plate (Map after Bartoth)LS8Bematic
illustration of the main faults of head of the Gulf of Elat and the southern Arava valley (based on data presented by Ben-Avraham, 1985;
Reches et al., 1987; Ben-Avraham and Tibor, 1993; Shamir, 1996). The location of Fig. 2 is shown by a frame (YP = Yotvata playa, ES =
Elat sabkha).

3 Methods surement at each station is about 0.25 s, resulting in each sta-
tion a linear dimension of about 0.125m. For practical pur-
The Ground Penetrating Radar (GPR) was the main methogoses, therefore, the stations can be treated as point stations.
that has been extensively utilized in this study. Using electro-n addition to the GPR reflection profiles, several GPR CMP
magnetic waves, GPR offers a unique high-resolution imag{Common Mid Point) measurements that were conducted to
ing of subsurface soil and rock conditions, from the near sur-measure the EM wave propagation velocity inside the de-
face to a depth of several tens of meters (Basson, 2000posits, provided an average value of 0.1 m/ns. Using the
Approximately 17 km of GPR reflection profiles were ob- above settings and values, most of the GPR reflection pro-
tained across the Evrona basin and its surroundings usinfjles were conducted to map the top 25m of the subsurface
the RAMAC GPR system. Several of the GPR profiles weresection of the Evrona Playa, and processed to enhance the
obtained along the lines where Shallow Seismic Reflectiondiscontinuities in its alluvial materials (Basson, 2000).
(SSR) profiles were previously obtained by Shtivelman etal. The SSR P-waves and S-waves profiles were shot by
(1998). Figure 2 shows the general locations of the GPR and&htivelman et al. (1998) using a sledgehammer source utiliz-
the SSR profiles superposed on the geological map of théng the conventional CMP technique with a shot and receiver
southern Arava valley and Elat area. spacing of 2.5m. Rough estimates of the depth range of the
Most of the GPR reflection profiles were conducted usingreflected events were made on the basis of RMS velocities
100 MHz center frequency at normal antenna configurationderived from the seismic data. On the P-wave lines, these
and transmitter-receiver offset of 1 m. The measurementyelocities vary from 800 to 2100 m/s (uppermost and deepest
were taken at uniform intervals of 0.25 m between stationsparts); on the S-wave line, the velocities range from 350 m/s
while the antennas were lifted about 5-10 cm above surfacéo 500 m/s. According to these velocities, the shallowest
and moved at an average slow walking speed of about 0.5 m/slear P-wave reflectors appear at a time of about 40ms,
using a distance calibrated survey wheel. The GPR pulsewnhich is ~20m deep, while the deepest reflector that can
were sampled at a sampling frequency of 1350-1700 MHzbe reliably detected, up to a time of 150 msxi$50 m deep.
and stacked 16—32 times. The duration of the 100 MHz meaThe shallowest reflectors of the S-wave, which appear more
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reflector known as the first Fresnel zone, which diameter is
(2Z2)Y2 (Z is the depth of the reflector andis the domi-
nant wavelength). For Evrona measurements, the shallowest
P-wave reflections have been detected at a depth of about
20 m, while the shallowest S-wave reflections have been de-
tected at a depth of about 10m. Since the dominant fre-
quency valuesf, were about 150 Hz and 50 Hz with veloc-
ities, v, of about 900 m/s and 350 m/s respectively, the com-
puted wavelengths,, are about 6 m for the P-wave and 7 m
for the S-wavah = v/f). Therefore, the approximate spa-
tial resolution of the shallowest P-wave reflectors is 15.5m
and 12 m for the S-wave. However, since the average GPR
wavelength is about 1 m, its spatial resolution is significantly
higher — about 4.5 m at a depth of 10 m. Using the 1/8 wave-
length criterion of Widess (1973), the maximal vertical res-
olution (the ability to distinguish between closest layered re-
flectors) is about 0.125 m for the GPR and about 0.8 m for the
seismic waves. Since 0.25-0.5 of a wavelength are more re-
alistic, the average vertical resolusion varies from 0.25-0.5m
(GPR) to 1.5-3.5m (SSR). These differences explain the su-
perior resolution of the GPR data, and the better results of
the S-wave profile compared to the P-wave profiles.

A numerical model of a faulting process based on
the Continuum Damage Mechanics theory summarized by
Lyakhovsky et al. (1997a, b) and references therein was ap-
plied to inspect the interpretation of the GPR and SSR obser-
vations. The model addresses the cumulative effect of dis-
tributed micro-cracks and flaws in the elastic material, the
development of a process zone sourrounding a pre-exsisting
fault, and simulates the propagation of a narrow fracture
zone. We used a two dimensional numerical code (Wein-
berger et al., 1999) to compute the stress and damage fields
within a rectangular area with grid points 100 m high and
50 m wide every 1 m, assuming increasing plane strain con-
Fig. 2. Schematic illustration of the study area of Evrona playa gitions. In order to add the effect of a lateral strain that is typ-
superposed on the main faults and topographic features. The light.o 15 the Evrona fault zone, a constant lateral shear strain

dashed line mark undifferentiatted conglomerates; q: Neogene - . . . . .
Quaternary units, Quaternary alluvium (gravel, sand, silt); and qp:(perpendlcular to the 2D grid section) is also applied. The

Quaternary playa deposits (clay, silt, sand); EF: Evrona Fault. Thé)oundary conlelon.s of computer modeling are reduce.d toa
GPR and SSR profiles presented in this paper (in the northern antPC@l stress, which is applied at the bottom of the section to
the center parts of Evrona) and locations of Figs. 3-5 are markegiMmulate pre-existing fault zone. The upper boundary, i.e.
with thick lines. The enlargement of the dashed frame on the GPRhe surface, is kept free, while a vertical slip velocityjy/

grid mark a dense grid: DG. equivalent to the one localized on the pre-existing fault zone,
is applied at the bottom. The density, elastic moduli and in-
ternal friction are computed using parameters from the test
of Lambe and Whitman (1969), and from Shtivelman et al.

(1998).

clearly on this profile than on the overlapping P-wave profile,
are detected at a time of about 10 ms, at a depthlof.5m.
The deepest part of the S-wave profile iss@00 m. It should

be noted that the uppermost returns of the SSR profiles may

be interference images of refractions and reflections. There4 GPR and SSR profile images of the Evrona fault zone
fore these returns should not be treated as pure reflections

(Shtivelman et al., 1998). The GPR profiles show tens of subsurface discontinuities per

Spatial resolution (or horizontal resolution) refers to the kilometer at different depth ranges below the surface and
ability to detect lateral changes along a reflector, such asvith varying spacing intervals and clustering. Most of the
those caused by faults or facies changes. Most of the rediscontinuities detected by the GPR profiles were interpreted
flected energy that arrives at the receiver does not come fromas fractures or faults. Three main criteria (and their combi-
a single point of incidence, but from a circular zone on the nation) were used for the interpretation:
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Fig. 3. 550 m of the GPR and SSR S-wave and P-wave profiles conducted in the same location — the center of Evrona area (see location in
Fig. 2). (a) GPR profile conducted to a depth of about 25 m: The faults seem to cluster into gfiloufswvave andc) P-wave SSR profiles

(note the differences in two-way time scale): The undulated reflectors and the discontinuities interpreted as faults, some of which form flower
structures. The shallow reflectors appear in this S-waves profile with better quality than in the P-wave profile. The depth of penetration of
the GPR profile (a) is shown at the seismic profiles by arrows.

1) minor discontinuities of reflectors (minor offsets or  Figure 3 shows a 550 m long section of GPR, SSR S-wave
thickness variations), which indicate fractures; and P-wave profiles conducted in the center of the Evrona
area (see location in Fig. 2). The profiles were conducted at
2) abrupt unconformities and sudden variation of lateralthe same location. The GPR profile (Fig. 3a) shows a variety
reflectors, which is indicative of a strike slip compo- of discontinuities within the alluvial layers. About 50 faults
nent; are detected in this profile and seem to cluster into several
groups. The S-wave profile (Fig. 3b) shows a sequence of
reflectors that can be traced along the profile down to 700 ms
(about 175 m depth). The continuity of the relectors is inter-
rupted at many locations along the entire section. These dis-
continuities may be interpreted as shallow faults with minor
vertical displacements, which form, at depth, flower struc-

3) vertical displacements of reflectors, which indicate ei-
ther normal or reverse faults with dominant dip-slip mo-
tion and with sub-horizontal bedding.

The high number of fractures and faults may indicate a vig-
orous neotectonic activity in the area of Evrona.
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Fig. 4. A compilation of the location of two surficial tectonic lineaments and fault a scarp that crosses the GPR and the SSR P-wave profiles
in the northern part of Evrona (The GPR and the P-wave profiles were processed similar to the profiles presented in Fig. 3). The triangles
represent the tectonic surficial features (see Amit et al., 1999, for the excavation of trench T-20 in the area of the scarp). The small arrows
represent the GPR results and the large arrows represent P-wave results. The depth of penetration of the GPR profile is shown at the righ
side of the figure by an arrow. Note the division into a three different groups.

tures typical of strike-slip faults. Some of the faults can beate a higher level of detail, a grid of GPR profiles was ob-
traced to a depth of about 17.5-20m. The same sequendained across the center of the Evrona playa (Fig. 2). A strip
of reflectors and disturbance areas can be detected by the Bf 6 close parallel profiles was conducted (each profile of
wave profile (Fig. 3c). However, the S-wave section providesabout 1150 m long, intervals of 50 m) nearly perpendicular
a more detailed picture of the shallow subsurface, apparentlyo the south-southwest north-northeast trend of the Evrona
because the signal/noise ratio is higher and the spatial resdault zone, across the playa through several fault scarps and
lution is better. tectonic lineaments. The western side of the strip was of
Similar results were obtained in the north of the Evronaspecial interest: The “tectonic” reason was to trace the con-
playa (see location in Fig. 2). Figure 4 highlights the differ- tinuation of a prominent horst structure, located in the north-
ences between surficial expressions, GPR imaging, and SS&n area, seen at the surface as a curved multiple fault scarp.
P-wave imaging. The triangles at the surface represent toThis structure seems to vanish southward. The second rea-
pographic expressions of two tectonic lineaments and a faulson is that this area is the most suitable for creating several
scarp (the fault scarp of Ein Evrona excavated (T-20) by Amithigh quality GPR profiles that are almost unaffected by topo-
et al, 1999). This compilation of results emphasizes the siggraphic changes and surficial obstacles. Therefore, a set of
nificant differences between the surficial topographic expres-1 south-north profiles and 5 west-east profiles were added in
sion, which was influenced only by 3 recent faults, and thethis area to form a dense square grid, composed of 11 profiles
SSR results that show 10 faults. Some of the faults detectetly 11 profiles of about 250—-300 m long each, at intervals of
in the SSR profile probably reaching closer to the surface25m (see location in Fig. 2, the western part of the grid).
cannot be traced at shallow depth range. The GPR results
show about 35 faults (and more, as will be shown below) Two profiles, located at the western and the southern edges
in the top 10 m, some of which are probably the continuationof the dense GPR network, in an area that appears to be flat
and splits or splays of the faults that were detected in the SSRnd undisturbed on the surface, are shown in Fig. 5 (the two
profile. Since only 3 faults influence the surface topographythick perpendicular lines shown in Fig. 2). These profiles
to a degree that is apparent to the naked eye, it is clear thatre plotted at a detailed scale. The horizontal scale is more
the GPR results express the recent tectonic activity of thathan twice larger than the horizontal scale of the GPR profile

area better than the other methods. shown in Fig. 3a. This large horizontal scale together with a
vertical exaggeration of about 400% were found to be the
4.1 Grid of GPR profiles optimal setting for the Evrona fault zone, showing a high

level of discontinuity. It enhances the ability to distinguish
The high density of shallow faults detected by GPR contrastshort reflectors with horizontal dimension of about 1 m, so
with the low number of fractures counted at the surface waghat the maximal number of fractures and faults in the profile
surprising. In order to investigate this observation and to cre-stand out clearly.
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Fig. 5. A very detailed origina(a) and interpretedb) west-east profile (see location in Fig. 2, the thick western line of the dense grid: DG).
This detailed scale of the 250 m length profile enhances the ability to distinguish short reflectors (the horizontal scale is more than twice
larger than the horizontal scale the GPR profile shown in Fig. 3a). The interpretation is shown in (b), where the main faults are marked with
green. The continuation of the multiple fault scarp (MFS) is marked on the préglé very detailed interpreted 270 m of a south-north

profile, the western profile of the GPR grid (see location in Fig. 2, the thick southern line of the dense grid: DG). The detailed scale enhances
the ability to distinguish short reflectors and faults. Note the smaller number of faults in this south-north profile relative to the west-east
profile.

Figures 5a and 5b show the original and the interpretedrelated to the fact that the general trend of the Evrona fault
west-east GPR profile. About 90 discontinuities that can bes almost parallel to the south-north profiles, and nearly per-
interpreted as fractures and faults are marked on the profilpendicular to the west-east profiles.
presented in Fig. 5b. The processing and the resolution of
this profile allows detecting and tracing of most of the faults  The total number of faults increases as a function of depth.
generally to a depth of about 15 m, and some faults to a depti counting parameter — termed the “number of residual
of 20 m. The main faults that are marked with green color canfaults” at a given depth range — may be defined as “the num-
be seen relatively clear at coarser scale such as in Fig. 3a. ber of faults that reach a given depth level but not the one im-

mediately above it". The number of residual faults between

The south-north profiles of this area also appear intenselywo horizontal levels is therefore calculated by subtracting
faulted, although their degree of faulting is less than in thethe total number of faults that reach the roof of a given depth
west-east profiles. Figure 5c¢ presents the western profile ofevel from the total number of faults counted at its bottom.
the grid at a very detailed scale. About 22 faults are detectedrigure 6 shows the results of this fault distribution analysis
along this profile, far less than the number of faults presenfor three representative GPR profiles of the array. The graphs
at a typical west-east profile. This observation is probablyin Fig. 6a show an increase in number of faults as a function
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Number of faults as a function of depth Number of residual faults as a function of depth range
100 25

20 -

number of faults

number of residual faults

0 : T T T 0
0 2.5 5 7.5 10 12.5 15 1.25 3.75 6.25 8.75 11.25

depth (m) average depth / depth range (m)

(a) (b)

Fig. 6. (a) Graph of the analysis of the total number of GPR discontinuities, which are interpreted as faults, as a function of depth for

3 representative west-east profiles (dashed curves) from the southern the area of the dense grid of GPR profiles (see location at Fig. 2). Th
depths are 12.5m, 10m, 7.5m, 5m, 2.5m and 1.25m. The total number of faults (or the “cumulative number of faults”) at a certain depth
was counted from each one of the interpreted profiles. The average curve (thick line) represents the typical total number of faults as a function
of depth for the area of the dense GPR grid as it appears in the west-east pfiofi@saph of the analysis of the number of “residual” GPR

faults as a function of depth range for the same setting presented in Fig. 6a. The peak number of faults appear at the depth range of 5-7.5n
(the depths in the graph were set to the center value, i.e. to the average depth between the bottom and the roof of each depth range).

of depth for the three west-east profiles (one of which is pre-5 Mechanical implications of shallow faulting in the
sented in Fig. 5b). The accuracy of the observation, shown by Evrona fault zone
the crossbars on each data point, is ahbDt75 m for depth
and about:5% for the number of faults. This accuracy min- The GPR observations described above, of the top several
imizes the subjectivity inherent to the interpretation, since ittens of meters of the alluvial sediments of the Evrona playa
gives a sufficient degree of freedom in determining the depthand the southern Arava valley show that the number of faults
reached by the faults as well as their number. A linear re-increases as a function of depth, at least in the uppermost 15
gression of the average curve shown in Fig. 6a yields a corto 25m. Moreover, the apparent dips of the faults suggest
relation parameter R= 0.99 with the linear approximation that many of the discontinuities merge at a depth of a few
N; =5.4D—3.4, where N is the number of faults and D is  tens of meters.
the depth. According to this approximation, for example, the = These observations are consistent with seismic reflection
average number of faults that can be found at a depth of 1 nppservations, which generally identify a parent fault below a
along the azimuth of 100s 2. group of faults that are detected by GPR. According to both
seismic and radar observations, a typical single active fault,
The number of residual faults as a function of depth rangetraced through the top hundred meters of the alluvial sedi-
(or average depth) for the three representative GPR images i§ents changes its mechanical characteristics abruptly as it
presented in Fig. 6b. The curves show a peak in the numbeieaches a depth range of about 35-20 m below the surface. It
of residual faults that penetrate the depth range between 5 then proceeds towards the surface in a series of splays. As a
7.5m below the surface. Based on the curve representin&SUlt of this meChanism, the tectonic diSplacement that ac-
the average profile, an average of about 17 “new” faults arecumulates along a plane of a parent fault is dispersed towards
detected in this depth range. This peak value is about 209the surface.
higher than for the depth range below (7.5-10 m), and about
55% more than for the depth range above (2.5-5m). (Note5.1 Linear shear strength decrease (LSSD) model
The GPR measurements of Evrona were not set to measure
shallower than a depth of about 1 m. Therefore, in order toAccording to the “Mohr-Coulomb law of failure”, the
compare equal intervals of 2.5 m, the data for the range of O-strength of a rock (capacity to resist faulting) is a function
2.5 m presented in this graph were extrapolated and weightedf its cohesive strength and of its internal friction resistance
from the measured range of 1-2.5m). to faulting. Therefore, the stress required to fracture a rock
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Low SSZ

GPR penetration I

Fig. 7. (a) Three distinct zones of shear strength that control the mechanical behavior of faulting in unconsolidated alluvial materials at
various depths: a high shear strength zone (High SSZ), a transition zone (TZ) and a low shear strength zone (Low SSZ). A “high” shear
strength zone refers to the deeper subsurface interval in which the mechanical conditions cause reactivation of a fault along a pre-existing
plane of the parent fault (PF). A “low” shear strength zone refers to the uppermost surface interval, in which the mechanical conditions do
not constrain the fault to reactivate along the pre-existing plane; therefore, the fault continues to propagate towards the surface randomly
and splays. According to this scheme, the closer the faults are to the surface the younger they are. In addition, the youngest faults show
a shallower level of splaying. Consequently, the level at which older faults splayed is dégphkfligration stages of the transition line

(T) and the splay point of the PF in the “frame a” towards the new surface as the load on the surface grows. Stage “(i)” is an initial stage,
showing a parent fault propagating towards the surface through the T(i). In stage “(ii)", alluvial materials have accumulated on the surface,
causing migration of the old transition line T(i) to a new level T(ii) located at the same depth relative to the new surface. The parent fault
propagates to the new surface along a different random plane and the first “splay” is abandoned as presented in stage (iii). An average deptl
of penetration of the GPR profiles is shown at the right side of the Figure by an arrow.

must be large enough to overcome the cohesive strength; at The zonation of shear strength results from changes in
the same time, it must be large enough to overcome the rock’depth in the lithostatic pressure and the hydraulic pressure,
interior resistance to faulting, so that the movement can takevhich contribute to the cohesion of the unconsolidated allu-
place along the fracture. vial sediments (the resistance due to internal friction is neg-
ligible). The static pressure is a function of the average total

surface in the Evrona fault zone, as seen by combining GP ensity, the acceleration due to Earth’s gravity and the depth.

and SSR observations, can be explained by a Linear Shearhe average total density of the alluvial Se‘?"”_‘e”ts can be
considered constant, because no characteristic changes are

Strength Decrease (LSSD) Model that is developed in th|sdetected at the border between the “high” and “low” shear

study. The LSSD model suggests the presence of three dISs_trength zones in the GPR and the SSR profiles. Therefore,

tinct zones of shear strength that control the mechanical be-" . o . .
in this approximation, depth is the only parameter influenc-

havior of faulting in the unconsolidated alluvial materials . . .
near the surface: a high-shear strength zone, a transitiolnd the static pressure, and thus the cohesion and the shear
zone and a low-shear strength zone (Fig. 7a). A “high” strength.

shear strength zone refers to the deeper subsurface interval The LSSD model suggests that shear strength decreases
in which the mechanical conditions cause for a propagatiorinearly with decreasing depth towards the surface. This ob-
of a fault along a pre-existing plane. A “low” shear strength servation is similar to the behavior of marine clay as reported
zone refers to the uppermost section, in which the mechanby Lambe and Whitman (1969), which show that while the
ical conditions do not constrain the fault to propagate alongshear strength of the material decreases linearly from a depth
the pre-existing plane; therefore, the fault continues towardsf about 24 m towards the surface, the plastic limit of this soft
the surface randomly. homogeneous marine clay is reached sharply around about

The fault distribution within the uppermost 100 m of the
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Fig. 8. Damage Modeling and Fault Propagation Modeling in four stages. The grid size of each stage is 50 m wide by 100 m deep. Damage
Modeling (the upper part of the Figure) — evolution of fault damage as a function of the fault’s propagation time. The red colors represent the
propagating fault and the micro-cracks that develop; the blue colors represent undamaged material. Stage (a) shows the fault (the red are
at the bottom) after a minor upward movement towards the surface. The red stains are micro-cracks, which have developed as a result o
random flaws inside the material. Stage (d) shows an advanced stage of damage, suggesting a possible mechanism for branching of faults :
they near the surface. Fault Propagation Modeling (the lower part of the figure) — growth of the fault as a function of time. Stage (a) shows
an initial stage of upward propagation of the fault towards the surface. Stage (d) shows the developed stage of the fault, as it approaches th
surface.

15m below the surface. By analogy, the combination of thestrength zone interval between the depth of the transition
fine alluvial materials that compose the sediments of Evronazone and the free surface will be then randomly distributed,
as well as the presence of a shallow water table at a deptkeading it to splay as the tectonic activity progresses.

range of about 15-20 m (Gev, 1999) may cause a plastic be- The reason that the faults do not coalesce at specific, well-
havior. defined depths seems to be related to the fact that failure takes

According to the LSSD model, the shear strength of thePlace at varying times and under changing loading condi-
alluvial sediments of Evrona decreases linearly as the deptfions. The fault therefore splays at various depths, defining a
decreases at a rate such that a transition zone is reached t&nsition zone rather than a plane that marks a single plastic
a depth range of 20m to 35m. At greater depths (belowlimit at a specific depth. Figure 7b illustrates the migration
the transition zone), parent faults propagate through the higt®f the splay towards the new surface as the load grows. If the
shear strength zone; assuming that the healing time is fagpad increases linearly, the parent fault and the splays propa-
enough, energy balancing dictates that they react along a préate towards the surface.
existing plane. If the released energy along the fault is strong Local mechanical conditions can also exist due to minor
enough to allow its continuation to the surface, its path abovdithological variations which are too thin to be detected by
the transition zone through the low shear strength zone willGPR. A delicate change within a thick layer may be un-
be affected only by the local conditions that allow minimal perceivable in the image, yet may be mechanically signifi-
energy loss. The path of the fault in the uppermost low sheacant. For example, thin, non-uniform layers of solid gypsum,
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with thicknesses of only several centimeters, are typical in DIELECTRIC MODEL SYNTHETIC RADARGRAM
the Evrona basin. Such nonuniformity may cause low shear g p— 0 E———— )
strength to be localized, having the effect of tunneling a fault -
toward the surface through zones of local weaknesses.

The LSSD model explains the splaying of a parent fault K=84
towards the surface through unconsolidated materials. The
model does not consider the local compaction effect of the
conjugate strain that accompanies an abrupt propagation of K=9
fault towards the surface. This effect can cause variable com- 10 7 200
paction in zones above the fault, resulting in enlargement of _
weak zones that tunnel the propagation of the fault. Com- E S @
paction may also have varying influence on a series of dis- & w
tinct layers of alluvial materials, enhancing the differences & K=o E
between them and hence their visibility on the GPR image. K=87
The effect of compaction is dealt in the fault growth model- K=9
ing described below. 20 400

K=838
5.2 Modeling of damage evolution and fault propagation @) K=87 (b)
a

The results of computer simulations demonstrating a possi-
ble mechanism of faulting within the top 100 m of the Evrona Fig. 9. Synthetic radargram of the Density-Layering effect. The
fault zone are shown in Fig. 8. The series of four figuresdielectric model of the layer@®) is shown next to the derived radar-
(a to d) represent increasing degrees of damage due to tH#am (b), to a depth of about 25m. Reflections occur due to di-
progress of the fault from the bottom. The red color rep_el_ectric variations among the layers (multiple reflections are marked
resents the fault and the micro-cracks. It can be seen thatith "M"):
damage is diffused towards the surface, creating a “cloud” of
micro-cracks, suggesting that the fault, which is confined atlayers surrounding the interface zone, the density of the lay-
depth, can penetrate the surface in several random locationsrs have been transformed into dielectric constants to create
Figure 8d represents the highest level of damage and moghe radargram.
extensive branching of the main fault toward the surface. The synthetic radargram modeling used here assumes a
Four stages of the fault growth modeling are presented bysubsurface flat-layered environment on which a plane wave
grid deformation in the lower part of Fig. 8, from initial prop- incidents vertically. The earth model is transformed into a
agation (8a) to near breaking of the surface (8d). Two cleatime thickness series that is excited with a time-stepping im-
effects are seen as the fault grows: the main effect is thepulse. All the reflections, including the multiples and inter-
extension of the fault towards the surface and its tendencyayer reflections, are computed and the impulse response of
to branch out, or to “erupt”; the second is the formation the layered model is generated. Then, a convolution of the
of “compact layers” perpendicular to the main propagationimpulse response model with the radar wavelet is applied to
plane (the deformation is exaggerated 10 times, in order temulate the radargram.
emphasize the effects). These two effects are the result of In the uppermost 25m, the typical GPR penetration, the
conjugate strain; the main one causes failure of the materialnodel consists of four dense layers detached by layers of
while at the same time the other compresses the material pefewer density. As computed from the fault growth model-
pendicularly, due to a minimal internal friction resistance to ing (the top 25 m of stage d), the density of most of the dense
faulting. The advantage of the fault growth modeling, rela- layers is about 7% higher than the initial density of the homo-
tive to the other models presented, is the ability to show thegeneous material. Since the effective dielectric constant of a

simultaneous effects: “layering” and “splay”. layer is a function of the mixing ratio of its bulk components,
a change in a density of a layer, i.e. a change of the mixing
5.3 Synthetic radargram of density-layering effect ratio of quarts grains, air and moisture dominates a change

in the effective dielectric constant. Accordingly, since the

An interesting result of the fault growth modeling is the com- measured average dielectric constant of alluvial material in
paction effect that occurs as a fault propagates. The comEvrona is about 9, and the transformed density to dielectric
paction effect changes the initial homogeneous material intaconstant changes are up to about 0.6, the dielectric constant
nearly flat layers of different densities. This phenomenon,values of the modeling range between 8.4 and 9. Figure 9a
of layering due to compaction, which can be seen best inshows a model consisting of different density layers trans-
Fig. 8d, was logged and scaled in order to be remodeled afbrmed into layers of different dielectric constant. The re-

a synthetic radargram to show how such layering would besults of the derived synthetic radargram (Fig. 9b) show that
seen in a radar section. Since a reflection coefficient of amminor changes in the dielectric constants are enough to gen-
EM wave is a function of the dielectric constants of the two erate clear reflections. The synthetic radargram and the fault



46 U. Basson et al.: Development of recent faulting in the southern Dead Sea Rift
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Fig. 10. (a)Analysis of the number of faults as a function of average age / period (ybp) for the three representative GPR profiles (dashed

colomns) at the grid of GPR profiles (modified from Fig. 6b). The average colomns (thick lines) represents the typical number of faults as

a function of average age / period (ybp) for approximately the last 45000 years. Note a peak in number of faults at the age of 22500 ybp
(£1200), and the continuous decrease towards present (lmhd.he level of tectonic activity during the last 45000y relative to the peak

wave of tectonic activity detected at the period of 18 000—27 000ybp. The peak wave level is about 37% higher than the average tectonic
activity computed for the entire period. The level of tectonic activity of the recent period, during 0-9000 ybp, is the minimal measured, about

70% of the average level of tectonic activity for the entire period, and about 50% of the peak period.

growth modeling supports and strengthen the interpretatiorthat they could penetrate to the surface at the time of the tec-
of the coherent reflectors appear in the GPR profiles (e.gtonic activity (Bonilla et al., 1984). According to the models
Fig. 3a.) as a result of the physical phenomenon of “layeringdescribed above, the propagtion directions of the faults are
effect”, diminishing the possibility that they are only multi- not constrained by the reactivation of an existing fault (i.e.
ple ringing. they splay rather than continue to propagate along a single
plane), therefore the number of faults as a function of depth

_ o may be an indication of the level of the tectonic activity at
6 45000 years of tectonic activity in the Evrona fault  hetime they were active.

zone Since the GPR observations show the same pattern of

Analysis of the faults detected by the GPR in Evrona canfaultlng for the d|ff_erent depths (Fig. 6a), it is a_ssumed that
the faulting behaviour does not vary as a function of depth.

help n evaluating the relative level of Fectomc activity of Accordingly, at each depth the ratio of faults that reach the
the active fault zone. Based on age dating of samples taken L
urface should be similar. Therfore, even though not every

from several trenches in the Evrona ar Xposin
om several trenches in the ona area (exposing abOLEmgle fault reaches the surface, the number of faults as a

4-5m below the surface), the average sedimentation rate i ; s .
about 3,600 y/m£1200) (Amit et al., 1999 and references Functlo_n ofqle_pth is still indicative of the relative level of the
tectonic activity.

therein). Assuming the sedimentation rate has not varied sig- Whether all the faul . . fih hed th
nificantly in the last several tens of thousands years, the age ether all the faults or just a portion of them reached the

of the sediments at a depth of 12.5 m is about 45 000 years surface, it is interesting to note their distribution with depth.
' "The faults of the dense GPR grid can be separated into dif-

6.1 A Wave of tectonic activity at the Evrona playa ferent groups according to their relation to depths of penetra-
tion (as shown in Fig. 6b). If these faults indeed penetrated
The profiles conducted in the dense GPR network of Evronghe surface at the time of their formation, as suggested above,
playa reveal, as described above, a surprisingly large numbeheir depths of penetration seen in the GPR profiles may rep-
of faults per unit of length in the top 15m of the subsur- resent approximations of past surfaces. Consequently, the
face volume. Moreover, it was found that the total numbercombination of the results of Fig. 6b with dating and with the
of faults increases as a function of depth. Since most of thanodels presented above (especially the splay process) may
faults have vertical displacements of several tens of centimeprovide an indication of the relative level of tectonic activity
ters and they are observed at shallow depths, this sugges@s a function of average age or period.
that they are a result of strong tectonic events (i.e.6)1 so The number of the faults as a function of average age or
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period for the grid of GPR profiles is shown in Fig. 10a. The ment of a parent fault in the zone of high shear strength, and
three columns show the same trend of faulting level and thehe splaying in the zone of low shear strength.
average curve reflects the average rates for the presented pe-An analysis of the faults detected by the GPR and dating
riods. The average curve is computed from the data collectedf samples taken from trenches enable evaluating the rela-
for the period between 45000 ybp (years before present) taive level of tectonic activity of the Evrona fault zone: The
the present (the GPR measurements of Evrona were not se¢cent period recorded by the GPR, during 0-9000ybp, is
to measure shallower than a depth of about 1 m, therfore, theharacterized by a relatively low level of tectonic activity.
first 3600y were not recorded. In order to compare equal peThis level is about 70% of the average tectonic activity of
riods of 9000y the data for the range of 0—9000y presentedhe entire period and about 50% of the period of the peak
in Fig. 10a was extrapolated and weighed from the measurediave. Combining these values and the decreasing tendency
range of 3600-9000 ybp). of the tectonic activity following the peak wave with surficial
An analysis of the results shown in Fig. 10a reveals a pealevidence suggest that the recent period is less active.
of faults at the average age of 22 500 yBf1@00), which is
the center of the period of 18 000—27 000ybp. The neotecAcknowledgementsThis paper is based on parts of the Ph.D. thesis
tonic history of the Evrona fault zone during the period of of Uri Basson which have been completed thanks to the coopera-
45000Y is shown in Fig. 10b. The peak wave of tectonic aC_tlc_m of many people. Partlcular gartitude to Rivka Amit and Ezra
tivity at the period of 18 000-27 000 ybp is about 37% higheerIberman of the Geological Survey of Israel for the geomorpho-

than the average tectonic activity of the entire period (thelogical guidance in Evrona, and to Geo-Sense — Environmental &
. 9 . y P Engineering Geophysical Center Ltd for the GPR measurements.
other periods are normalized to this peak).
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