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SUMMARY

We studied the velocities and driving pressures associated with clastic-dyke formation in the
Ami’az plain, where hundreds of clastic dykes cross-cut the soft rock of the late Pleistocene
lacustrine Lisan Formation, within the seismically active Dead Sea basin. Flow of clastic
material into fractures and opening of the fractures are two mechanisms that occur during
earthquake-induced clastic dyke emplacement. Two analytic models were established, based
on field observations and experimental viscosity tests, to estimate the velocities and driving
pressures that were associated with dyke emplacement: (a) a channel flow for upward injection
of a clay—water mixture and (b) a profile of fracture dilation based on the elastic theory analysis.
The two models predict that pressures between 1 and 10 MPa are generated in the source layer
and dykes in the last stage of the injection process. In addition, the channel flow model predicts
that the injection velocity reaches metres to tens of metres per second and the emplacement
time of the clastic dykes is on a scale of seconds. It is suggested that the high pressure
values represent the static stress drop during earthquake events or represent dynamic stresses
resulting from the seismic waves which passed through the soft lacustrine rocks. In both
cases, the predicted high pressure values indicate that the clastic dyke was emplaced in close

proximity of an active segment of the Dead Sea Fault during the late Pleistocene-Holocene.
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1 INTRODUCTION

Clastic dykes are discordant, tabular bodies comprised of weakly to
strongly lithified clastic detritus. They are formed either by passive
deposition of clastic material within pre-existing or earthquake-
induced tensile fissures or by dynamic fracturing associated with
injection of clastic material during overpressure build-up. The lat-
ter structures, known as injection clastic dykes, are the focus of the
present study and are considered an example of natural hydraulic
fractures (Jolly & Lonergan 2002). Hundreds of clastic dykes are
exposed in Ami’az Plain, Dead Sea basin (Fig. 1). Previous studies
(Levi et al. 2006a,b) demonstrated that part of these clastic dykes,
connected to a clay-rich layer of the Lisan Formation (Fig. 1) were
formed by injection of material from that layer into the Lisan forma-
tion. In such intrusions, the particle-water mixture, which is injected
under high-pressure into the surrounding host rock, requires a sus-
tained pressure difference between the mixture in the source layer
and the mixture in the propagating fracture. This pressure differ-
ence leads to dilation of the fracture and enables the particle-water
mixture to flow through the fractures. Once the excess pressure de-
creases, fracture propagation terminates and the injection process
stops.

© 2008 The Authors
Journal compilation © 2008 RAS

Emplacement of clastic dykes might form during strong earth-
quakes (probably M > 6.5). Earthquake-induced clastic dykes have
been used for locating palaco-epicentres (e.g. Galli 2000 and refer-
ences therein). Calculating the injection velocities and the pressures
involved in the emplacement of clastic dyke may provide important
information about the stress values generated during earthquakes.

Engineering studies of ground deformation associated with earth-
quakes have shown that near-surface granular porous material is
liquefied by cyclic shear loading (Seed 1979; McCalpin 1996) or
static stresses (e.g. Seed 1979) generated during earthquakes. The
liquefaction occurs as a consequence of the increased pore-water
pressure, whereby the granular porous material (i.e. sand) is trans-
formed from a solid state into a fluid-like state. Soft sediment de-
Formation is referred to as flowage or fluidization of cohessionless
clay-rich sediments during earthquakes (e.g. Mohindra & Bagati
1996; Rodriguez-Pascua et al. 2000; Moretti 2000). Behaviour of
soft sediments under cyclic loading has been relatively less stud-
ied compared with those of sands. Accordingly, the criteria used to
define the liquefaction of sand may no longer be applicable for clay-
rich sediments (e.g. Yi Imaz ef al. 2004 and references therein). The
fluidization process of the clay-rich source layer, several metres be-
low the surface is associated with a pressure build-up that causes
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Figure 1. Location maps of the study area. The regional setting of the
Dead Sea Fault (inset) and the Ami’az Plain with the clastic dykes marked
schematically by dashed lines. DSE, Dead Sea Fault; SD, Sedom Diapir
(after Levi et al. 2006a).

the particle-water mixture to be injected upwards. The background
physics of this pressure build-up process and its relation to the dy-
namic stresses generated during earthquakes has been studied little
and not completely understood (e.g. Melosh 1996; Bachrach et al.
2001).

In most cases, pressures and injection velocities that are gener-
ated during earthquakes and form structures, such as clastic dykes,
cannot be directly monitored. There are relatively few quantitative
studies of earthquake-induced structures (i.e. seismites), in general
and that of clastic dykes, in particular. The pressure values that are

estimated for dyke formation are generally of the order of several
MPa. This estimation is based on the assumption that the formation
was under lithostatic pressures corresponding to depths of tens to
hundred of metres (e.g. Jolly & Lonergan 2002). Fluidized particle-
water mixtures that have low viscosities are expected to flow under
turbulence conditions (Turcotte & Schubert 1982).

In previous studies of clastic dykes in the Dead Sea basin Levi
et al. (2006a,b) concluded that the dykes were emplaced during
earthquake events. Field observations and anisotropy of magnetic
susceptibility (AMS) analysis suggest that the fluidization process
of the source material was dynamic and occurred simultaneously
with the fracturing process. The AMS fabric analysed by Levi et al.
(2006a,b) indicates that the flow was turbulent and, qualitatively,
associated with high injection velocities of well-mixed, homoge-
neous fluid. The aim of this study is to quantify the velocity and the
associated driving pressures that are involved during the last stage
of the injection process. We developed two mechanical models for
the emplacement of clastic dykes; one is based on the channel flow
theory and the other on the elastic crack theory. For this quantifi-
cation, we also experimentally measured the dynamic viscosities of
the clay-water mixture under different flow rates. The obtained in-
jection velocities and driving pressures shed light on the fluidization
process and clastic dyke build-up during earthquakes.

2 GEOLOGIC SETTING

The Ami’az Plain study area (Fig. 1) is located west of the Mount
Sedom salt diapir (Zak 1967; Weinberger et al. 2006a,b), near the
southwestern margin of the Dead Sea basin and adjacent to the
Dead Sea Fault, (e.g. Quennell 1959; Freund et al. 1968; Garfunkel
1981). The Dead Sea basin is a continental depression, which is
bounded on the east and west by a series of oblique—normal faults.
The Ami’az Plain is one of the downfaulted blocks developed within
the depression.

The incision of Nahal (Wadi) Perazim in the Ami’az Plain ex-
poses the entire Lisan section and about 250 large-scale (height,
lenght > 10 m) clastic dykes, which cut through the section. Based
on U-Th dating, the age of the Lisan Formation is between ~70 000
and 15 000 yr B.P. (Haase-Schramm et al. 2004). The bedrock of the
Ami’az Plain is the ~40 m thick Late Pleistocene lacustrine Lisan
Formation consisting mostly of authigenic (chalk) aragonite lami-
nae, alternating with fine detritus layers (Begin et al. 1980). At the
lower part of this formation, there are a few thick clay rich layers.
Shaking and squeezing such wet clay layers causes a fast expulsion
of pore water, a drastic loss of shear strength and consequent mate-
rial flow and pressure build-up, which is not expected for the chalky
host rock (Arkin & Michaeli 1986). The upper part of the Lisan
Formation consists of a ~1 m thick relatively stiff gypsum layer.
A thin veneer (<1 m) of aeolian and fluvial sediments overlies the
Lisan Formation and covers large parts of the plain.

The palaeoseismic record from the Dead Sea basin based on brec-
cia layers reveals numerous moderate to strong earthquake events
between 70 000 and 15 000 yr BP (e.g. Marco & Agnon 1995; Begin
et al. 2005) and during the Holocene (Enzel et al. 2000; Ken-Tor
et al. 2001; Begin et al. 2005). The strongest recorded event in the
Dead Sea basin is the M = 6.2 earthquake of 1927 July 11; whose fo-
cal mechanism solution is a left-lateral motion (Ben-Menahem et al.
1976; Shapira et al. 1993). The strongest instrumentally recorded
event along the Dead Sea Fault is the M,, = 7.2 1995 November 22
Gulf of Aqaba earthquake (Hofstetter 2003).
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Most of the clastic dykes in the Ami’az Plain are injection
structures, which were induced by late Pleistocene-Holocene earth-
quakes along faults comprising the seismically active Dead Sea
Fault (Levi et al. 2006a,b). The earthquake induced fluidization
and injection of clastic material into dykes in the Ami’az Plain
occurred, based on resetting of quartz Optically Stimulated Lumi-
nescence (OSL) signals, between 15 000 and 7 000 years BP (Porat
et al. 2007).

The injection clastic dykes are composed of green clay, silty
quartz and some aragonite fragments. The dyke heights vary be-
tween 5 mm and 18 m, the smallest of which (<0.5 m) are termed
dykelets (Fig. 2b). The width (thickness) varies between 1 mm and
0.18 m, and length, between 5 mm and 100 m. The width of the
large-scale dykes (>10 m) is generally greater than 7 mm. In sev-
eral cases, the measured width at the lower parts of these dykes is
smaller than 7 mm, and it is not clear if such a narrow width is kept
constant along the entire height of the dykes.

A connection between a green clay-rich layer of the Lisan For-
mation and the dyke-fill, observed in several dykes, unequivocally
indicates that the dykes were formed by injection of material from
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that layer. Levi ef al. (2006a,b) discussed several arguments strongly
indicating that the dykes, filled with the green clay-rich layer, are
pressure-driven injected structures. The principal arguments are
briefly summarized below:

(1) There is a physical connection between the source layers
and clastic-dykes indicating upward transport of sediments during
injection.

(2) There is a similar mineral assemblage, based on the interpre-
tation of XRD, and magnetic measurements of the rock, in both the
source layers and the respective dykes.

(3) The AMS analysis of the infill sediment shows a magnetic
injection fabric compatible with injection flow and not with passive
deposition of clastic material into pre-existing fissures.

(4) The geometric pattern of small dykelets and segments formed
in the upper part of the section shows that the lateral direction of the
dyke propagation coincides with the lateral flow direction detected
by AMS analysis.

Dykes propagating below the source layer are terminated against
alternating gypsum and aragonite laminae of the lower Lisan

Figure 2. (a) Large-scale clastic, dyke about 18 m high, crossing the Lisan section. The dyke shape resembles a filled channel. (b) Small-scale clastic dyke
(dykelet) at the upper part of the Lisan section. The dykelet has a quasi-elliptical shape. (c) Two overlapping segments of dykelets at the upper part of the Lisan
section. The Lisan laminae in the overlapping region are displaced. (d) Planar clastic dyke, filled with green clay sediment crosses the upper stiff gypsum layer.
Dyke high is about 18 m. (e) Physical connection between a clastic dyke and the source layer (marked by black arrows) 18 m below the surface. Source layer

thickness is ~0.4 m.
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Figure 3. (a) Schematic representation of the two types of dykes: a blade-like dyke with a cross section resembling a channel and a branching dyke and its
associated dykelets (left-hand panel). Some dykes/dykelets cross the upper stiff gypsum layer and some do not. (b) Model (A), showing upward flow along the
x-axis under turbulent flow conditions. (c) Model (B), showing dilation profile of a representative dykelet.

Formation. Part of the upward propagating dykes commonly frac-
ture and open the stiff gypsum layer (Fig. 3a), however, part occa-
sionally terminate against this layer. Several injection dykes, whose
width vary between ~0.1 and 0.18 m, branch upward and split into
3-5 large strands (Fig. 3a). Their pattern resembles the pattern of
dynamic fractures that bifurcate during upward propagation (e.g.
Bahat ez al. 2005). The large strands are typically segmented, form-
ing numerous dykelets ~13 m above the source layer. Assuming that
the flow of clastic material followed the fracture propagation implies
that the velocity of the fluid during dynamic fracturing could attain
high values. The injection velocity could be even higher when the
dykes reached the surface because at this stage, the pressure within
the source layer is converted only to material flow. Overlapping ge-
ometry between two adjacent segments implies opening of a frac-
ture under internal pressure (Fig. 2¢; e.g. Delaney & Pollard 1981;
Gudmundsson 1995; Weinberger et al. 1995).

3 MECHANICAL MODELLING OF THE
INJECTION DYKES
3.1 Models for dyke emplacement

We present here two mechanical models that provide some estimate
for the source layer pressure and injection velocity of clay-water

mixture into the clastic dykes during their emplacement. These
models are based on (1) channel flow analysis of planar dykes and (2)
elastic crack theory analysis of dyke dilation profiles and the driving
pressure distribution in equilibrium state, which are achieved in the
last stage of the dyke propagation. The latter analysis is similar to
that of magmatic dyke dilation profiles (e.g. Pollard & Muller 1976;
Delaney & Pollard 1981; Pollard 1987; Hoek 1994, 1995).

The assumptions for the models of dyke evolution and their jus-
tification are based on our interpretation of field observations and
AMS analysis (Levi et al. 2006a,b). The emplacement process of
the dykes may be divided into three consequent stages:

(1) The pressure in the source layer increases to a level that is
high enough for nucleation and growth of fractures. However, the
details of the nucleation stage and the fluidization process of the
source layer are beyond the scope of the present study.

(2) Pressure-driven fractures (i.e. hydro-fractures) start to prop-
agate upwards, downwards and laterally ahead of the injected clay—
water mixture that consequently fills the fractures.

(3) The growth of fractures/dykes is mainly upward and later-
ally because in many cases, they could not cross the stiff gypsum
layers that form mechanical boundaries below the source layer.
In some cases, the fractures/dykes grew downwards and laterally,
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simultaneously with the injection of the clay-water mixture, until
they were arrested and the process terminated (Fig. 3a). Levi et al.
(2006a) demonstrate that expulsion of pore water after the emplace-
ment of the dyke material was minor. Therefore, we assume that the
present dyke dimensions should be similar to their dimensions just
before the dykes were arrested. The final shape of the dykes may
clearly be seen in the dykelets that were emplaced close to the
surface, and represent the termination of the dynamic fracturing
process (Figs 2b and 3a). Exposing these dykelets in 3-D, by grad-
ual carving and removing the soft Lisan host rock, reveals a decrease
(down to disappearance) in their dimensions in all directions. This
indicates that the propagation velocity of these dykelets decreased
significantly and their growth can be approximated by quasi-static
conditions. Hence, a linear elastic analysis of the dykelet dilation
profiles provides a first-order approximation of their internal pres-
sure (Fig. 3c). As to the large-scale dykes that propagated up to
the surface, channel flow conditions may have occurred at the time
before the flow of material ceased.

3.2 Model (A): channel flow

3.2.1 Assumptions and justifications

Levi et al. (2006b) analysed the magnetic fabric of the clastic dykes
and demonstrated that the AMS signals that evolved resulted from
fast flow conditions (>cms~!). The AMS analysis also revealed
that although the flow direction was mainly upward, small eddies
were generated along the dykes width. This implies that at the final
stage of dyke emplacement the clay—water mixture filled the entire
dyke width and the flow was fully turbulent.

In this section, we try to constrain the lower cut-off for the pres-
sure gradient needed to assure a turbulent flow in a channel with a
designated width, using scaling relations for one-dimensional tur-
bulent flow in a channel with a constant width. The present study
deals with fluid flow just before the injection ceased, implying that
the channel flow process took place during a short time interval. We
also assume that a mean steady-state flow was achieved.

3.2.2 Application to the clastic dykes

We apply scaling relations for 1-D turbulent channel flow (e.g.
Turcotte & Schubert 1982). The model assumes an upward flow
in the positive x-direction, which is driven by pressure gradient i—f
resulting from two components, the difference between the source
layer pressure, p;, at x = 0 and the pressure at the surface po, at
x = 21, and the buoyancy pressure gradient (Fig. 3b). Hence,

d7p _ (pout - pin)
dx 21
where 2/ is the dyke height, p, is the host rock density, pr is the
fluid density, g is the constant of gravitational acceleration, and p;,
is the pressure at the source layer.

For turbulent channel flow the pressure gradient is (Prandtl 1942)

+(or — o) g, ey

dp prit?
N S bl 2
o=/ @)

where 2w is the width of the channel (dyke), # is the mean velocity
and f is the friction factor.

The minus in eq. (2) stands for converting the negative sign of
the pressure gradient to a positive value of the viscous resistance
and is related to the chosen coordinate system (Fig. 3b).
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The friction factor is calculated as follows (Prandtl 1942)

0.0791
f: W, (3)

where Re = 2wii/v is the Reynolds number and v is the kinematic
viscosity. For a given Reynolds number the mean velocity in the
channel is
Rev
o 4
Combing eqs (1)—(4) enables expressing the pressure at the source
layer:

175, 2
pin = ST 20— el + )
The Reynolds number controls the transition from the laminar to
the turbulent flow. The onset of the turbulent flow in the channel
occurs at Re &~ 2200 (e.g. Turcotte & Schubert 1982; Donald 1995).
Substituting Re & 2200 into eq. (4) and into eq. (5) enables the esti-
mation of a velocity lower limit for the laminar—turbulent transition
and thus minimal pressure at the source layer.

Pout depends on the conditions in the upper part of the dyke and is
equal to the atmospheric pressure 0.1 MPa, if the dyke cuts the upper
gypsum layer (Fig. 3a, Geologic Setting) and is open to the surface.
This value is associated with the lowermost limit of the pressure in
the source layer. The lowermost limit of this pressure, corresponding
to the onset of turbulence, increases proportionally to the clay-water
mixture viscosity (~v?) and decreases proportionally to the channel
width (~w™3). This is because the derived formulation assumes that
the source layer serves as an infinite reservoir with constant pressure
and supplies mass flux into the channel according to its width and
clay-water mixture viscosity.

During the dyke growth, the injection velocity could rise up to
high values on the order of the fracture velocity. Notably, when
fractures made it up to the surface, the injection velocity could be
even higher than the fracture velocity (e.g. similar to super-sonic
velocities in volcano conduits e.g. Wilson et al. 1980). A high
value of the pressure in the source layer is estimated, based on high
values of the mean velocity upper. Because emplacement of several
dykes is associated with dynamic fracturing (Levi et al. 2006a,b)
it is likely that the velocity of the low-viscosity clay-water mixture
could attain the dynamic velocity of the dyke’s leading fracture
U dynamic- The dynamic velocity is about half of the Rayleigh wave
velocity ug, which is slightly below the shear wave velocity ug(e.g.
Freund 1998):

u=

u 12
Ug = (—) s up ~ 0.92u; (6)

T

where p is the shear modulus. Hence high value of the velocity is:

w 1/2
Uypper = U dynamic ~ 0.5 (;) (7)

This flow velocity is converted back to a high value for Re using eq.
(4) and then to the source layer pressure P;i, using eq. (5). Note that
the high value of the flow velocity is only a comparable value to
the fracture dynamic velocity, and it is by no means an upper limit
value or physically constrained parameter.

3.3 Model (B): crack elastic analysis of dyke dilation
profiles
3.3.1 Assumptions and justifications

The clastic dykes are filled fractures with smooth wall planes that
cross-cut the Lisan sediments in a brittle manner. Direct indications
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for brittle deformation during dyke emplacement include small-
scale faulting and tilting of Lisan lamellae within an overlapping
zone between two dyke segments (Fig. 2¢). On the other hand, there
are no geometrical indications for ductile deformation and viscous
fingering between the injected slurry and the Lisan host rock. OSL
ages of dyke emplacement suggest that many dykes intruded the
Lisan host rock after a significant drop in the Lisan water level
(Porat et al. 2007). Hence, it is likely that the Lisan sediments lost a
significant amount of moisture during these thousands of years, and
their properties were similar to those at present. Ductile deformation
of the Lisan sediments prior to dyke emplacement is evidenced by
tight synsedimentary folds in this formation. Therefore, we assume
that brittle fracturing was dominant during dyke emplacement, and
hence, elastic theory can be applied to analyse their dilation profiles.

In this model, we assume that the opening profiles of the dykelets
are related to the existing pressure gradient, just before the injection
process ceased. The pressure gradient is related to the difference
between the fluid pressure and the ambient stress in the host rock.
The pressure gradient is comparable to the fluid pressure in the as-
sociated dykelet because the lithostatic pressure in the upper section
ofthe Lisan host rock is negligible. In addition, because the dykelets
were formed in the upper section and were physically connected to
the source layer via the large-scale dykes, their pressure gradients
can estimate the pressure in the source layer.

3.3.2 Application to the clastic dykes

This section presents the analysis of the measured dilation profiles
2w(x) and estimated driving pressure distributions A p(x) for the
clastic dykes. Following previous studies (Pollard 1976; Pollard &
Muller 1976; Delaney & Pollard 1981; Hoek 1995), driving pressure
distributions are approximated by a sum of three linear normal-stress
gradients that act on the fracture walls:

Ap(x) = Apo + (Vpa + Vp)x = 1) for (0 =x =1), (8a)

Ap(x) = Apo+ (Vp. — Vp)(x — 1)

where / is the half dyke height, x goes from 0 to 2/ (Fig. 3c¢),
Apy is the uniform normal stress, Vp, is the asymmetric linear
stress gradient and V p is the symmetric linear stress gradient. The
general dilation profile solution is (Delaney & Pollard 1981):

2w(x) = % [2 2xIl — xz] + % [(x —D)v2xl — x2i|

for(/ <x =2I) (8b)

VP52[ (I —x)
+—— l\/2xl—x2+l—len‘7i|,
M 7 ( ) [ — /2x] — x?

)
where M is expressed through the shear modulus p and Poisson’s
ratio Vejastic:

_ n

A=)
The dilation profile of the dyke is composed of three parts
(eq. 9, from left- to right-hand side): (1) the elliptical shape; (2)
the teardrop shape and (3) the diamond-shape. The combination of
the three dilation profiles results in four models of driving pressure
distribution that are analysed by the best-fit method (least squares):

(D Apy#0,Vp,=0,Vp;=0;

(H) ApO 75 07 VPa 7é Os Vps = 0;
(I Apo#0,Vp, =0,Vps #0;
(IV) Apy#0,Vp,#0, Vps #0.

(10)

4 ROCK AND FLUID PROPERTIES

The mechanical properties of the Lisan sediments were seldom
measured due to their weakness and fragility. Hence, we use pub-
lished data on soft sediments including that obtained on the late
Pleistocene lacustrine Samra Formation (Chetrit 2004), which sed-
imentologically is similar to the Lisan Formation. Soft sediments
possess higher Poisson’s ratios than hard rocks (Othman 2005).
Therefore, we used 0.4 for the Poisson’s ratio, which is also in
agreement with the suggested 0.3—0.5 values of clay-rich sediments
(e.g. Gee-Clough et al. 1994; Vallejo & Lobo-Guerrero 2002;
Chetrit 2004; Othman 2005; Bala et al. 2006). For the dykelets
developed close to the surface, we used a range of shear modulii
between 50 to 100 MPa (e.g. Bala et al. 2006). For the entire Lisan
section, we set a shear modulus equal to 100 MPa, which is in
agreement with other experiments of soft sediments (e.g. Gannon
et al. 1999; Schneider ef al. 1999; Chetrit 2004; Yuan-qiang & Xu
2004; Bala et al. 2006). The rock density for the whole Lisan sec-
tion was set to 1400 kgm™3, and the maximum tensile strength is
about 7, = 0.1 MPa (Arkin & Michaeli 1986). These values were
applied to the analyses of dyke dilation profiles. There is no direct
information about the water quantity during the injection process.
Reasonable viscosity values can be suggested based on the geologic
setting of the dykes and viscosity experimental tests carried out in
the present study. For the channel flow analysis we used two values
of kinematic viscosity, v = 0.3E—04 m?>s~! and 1.5E—04 m?s™!
(Appendix), where the Lisan clay-water mixture density is
1700 kgm~3 and 1950 kg m~3, respectively.

5 RESULTS

5.1 Model (A)

The model starts by calculating the maximum injection velocity
using eq. (4). Eighteen runs were preformed for nine channel widths
(0.05, 0.07, 0.09, 0.1, 0.12, 0.14, 0.16, 0.18 and 0.2 m) and two
kinematic viscosities (0.3E—04 and 1.5E—04 ms~!). The upper
Re was set for each dyke width according to the upper velocity
calculated by eq. (7).

The calculated injection velocities vary from 0.2 to ~ 250 m s~
and the corresponding values of Re vary between 2.2 x 10° and
~1 x 10° (Fig. 4). The lowest value of the injection velocity was
obtained for a kinematic viscosity of 0.3E — 04 m? s~!, dyke width
of 0.2 m and Re = 2.2 x 10 (Fig. 4, run il). Higher values were
obtained in every run by increasing the Reynolds number (Fig. 4).
Based on the upper Re values obtained for each run in Fig. 4 (42 x
10° <Re <90 x 10%), the pressure at the source layer calculated by
eq. (5) varies between ~0.2 and ~65 MPa. The lowest and highest
pressure values obtained are for run il and run a2, respectively
(Fig. 5).

Variations in the dyke widths (thicknesses) resulted in significant
velocity changes of tens of metres per second and pressure changes
of several MPa (e.g. run d2 and run a2 in Figs. 4 and 5). Variations of
the dynamic viscosity also resulted in significant velocity changes
on the order of tens of metres per second and pressure changes of
several MPa (e.g. run al and run a2 in Figs. 4 and 5).

1

5.2 Model (B)

The geometric analysis of five dykelets is presented in Figs 6(a) and
(b). The driving pressure distributions are calculated by analyzing
the coefficients of eq. (9) and using eqs 8(a) and (b) (Figs 7a and b).
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Figure 4. Results of model B, showing the mean injection velocity as a function of Re plotted on log-log graph (eq. (4)). The vertical dashed line marks the
transition between laminar flow and turbulent flow at Re = 2200, and therefore the lower possible velocity limit for turbulent flow of the clastic material. High
velocity values, comparable to the dynamic fracture velocity as calculated by eq. (7), are marked by the horizontal dashed line. Pairs of width, 2w, and the
kinematic viscosity, v, for each run are denoted in parentheses.
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(al, bl; fracture 1 and fracture 2 in Table 1) and their sum of errors (a2, b2). The appropriate model is marked on the profile.

High R? values for the four models I-IV imply that the elas-
tic openings of the dykelets fit well with the linear elastic theory.
Model II and model IV generally have higher r-squared values
(Table 1). The average driving pressures for both G = 50 and 100
MPa calculated by model IV is ~4 MPa (Fig. 7).

6 DISCUSSION

During strong earthquakes, tensile stresses are induced at the sur-
face, forming tensile fractures at the Earth’s surface (e.g. Dalguer
et al. 2002). Such fissures could be passively filled with clastic
sediment from above (e.g. Eyal 1988), forming so-called Neptu-
nian dykes. Field observations strengthened by magnetic AMS flow
analysis demonstrated that the clastic dykes presented in the Ami’az
Plain, Lisan Formation, Dead Sea basin, were formed due to the in-
jection of clay-water mixture (Levi et al. 2006a,b). Therefore, we
suggest that the values of the driving pressures discussed below
represent the internal pressure in the source layer.

6.1 Driving pressures and injection velocities

The two models presented in this study provide a tool for estimating
the injection velocities and driving pressures during the clastic dykes
emplacement. To get reliable results, we used a range of rock and
fluid properties, which are based on our laboratory measurements of

viscosity (Appendix) and on published data of clay-rich sediments.
The injection through the dyke-channel (Model A) is considered,
based on the measured viscosities, to be Newtonian—Poiseuille flow.
This allows us to provide a first order approximation of the dyke
flow velocities and pressures during earthquake events. Numerical
simulations of non-Newtonian flow within the dykes are beyond
the scope of the present study and will be presented in a follow-up
paper.

The estimation of the lower limit for the driving pressure and
injection velocity is based on scaling relations for 1-D turbulent
flow in a channel with a constant width. This approach (Model A)
estimates the minimal driving pressure (Fig. 8) needed to assure a
turbulent flow in a channel of a designated width. The lower grey
polygon marks the range of minimal driving pressures, calculated
by using the lowest value (v = 0.3E-04 m? s~!) and the highest value
(v = 1.5E — 04 m?s™") of the laboratory-measured kinematic vis-
cosity. Fig. 7 demonstrates the distribution of driving pressure cal-
culated with model (B) for every dykelet. Bars shown in Fig. 8
correspond to the maximal and minimal values of these pressure
distributions and define the polygon bounding the estimated pres-
sure range based on model (B). The dykelets analysed here re-
sulted from dynamic branching of the relatively wide dykes (0.1—
0.18 m). Hence, the obtained pressure range of model (B) could
be viewed as a lower limit for the driving pressure for this group
of dykes. The most probable range of driving pressures for wide
dykes falls within 1-25 MPa, where the lower limit of the pressure
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Table 1. Output of Model B.

R? per mode type
I I I v

Number Fracture type

1 Fracture 1-single fracture 0.87 090 0.88 0.90
2 Fracture 2-single fracture 099 099 1.00 1.00
3 Fracture 3-single fracture 091 094 091 0.94
4 Fracture 4-segment a 0.85 090 0.86 091
5 Fracture 4-segment b 0.81 095 0.81 0.95
6 Fracture 4-segment a & segmentb 0.74 093 0.74 0.93

is based on model (B) and the high value on model (A). Finally, the
overlapping driving pressures of the two models are between 1 and
10 MPa (Polygon #1, Fig. 8). Because the two different models give
an overlapping range of driving pressures, it is most probably that
this range of driving pressures existed within the source layer. It
is most likely that wider dykes, associated with large elastic defor-
mations, were emplaced under higher driving pressures, probably
generated by stronger seismic events or due to more efficient local
pressure build-up in the source layer. We note that the higher values
of driving pressures in polygon #1 fall very close to the driving
pressures obtained for dynamic fracture velocity (Fig. 8, upper grey
strip), and therefore, dynamic branching of the wider dykes is very
reasonable.

Scaling relations for 1-D turbulent flow in a channel also enables
to estimate the injection velocities. Based on the lower value of the
driving pressure (1 MPa), we derived the associated Re numbers
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from Fig. 5 and, consequently, substituted them in Fig. 4 to obtain
a lower value for the injection velocity of ~10 m/s. For a range of
injection velocities between 10 and 130 ms™! (i.e. dynamic frac-
ture velocity), the duration of dyke emplacement is ~0.1-2 s for a
18-m-high dyke.

Branching or small dykelets connected to the main channel were
never observed in association with relatively narrow dykes (<0.1
m). Therefore, we speculate that the narrow dykes were emplaced
under driving pressures equal (polygon #2a) or lower (polygon #2b)
than the pressures of the polygon #1. Even if the narrow dykes
were emplaced during the same seismic event and were driven by
the same pressure, their injection velocity is expected to be lower
than that of the wide dykes and fall below the threshold of dynamic
branching. These dykes could also be formed due to a lower driving
pressures, marked by the polygon #2b. Still, the injection velocity
of the narrow dykes is estimated to be 1 ms~! corresponding to the
duration of the dyke emplacement 18 s.

The above velocities are comparable to velocities obtained dur-
ing a hydro-abrasive erosion process in brittle materials in which
material is removed by high speed of water jet mixed with solid par-
ticles. The velocity of a water jet that succeeded in penetrating soft
rocks varied from 92 to 200 ms~! and was associated with pressure
between 5 and 22 MPa (Momber 2004). The predicted velocity for
sand liquefaction is about 2 ms~' (Gallo & Woods 2004), which is
within the lower range of velocities that were obtained in the present
study for clastics injected into dykes.

For flow of sand-water mixtures in 10—100 m height vertical con-
duits, Gallo & Woods (2004) calculated overpressures between 0.35
to 1 MPa. In their model, the overpressures are formed due to the
difference between the densities of the host rock and the sand-water
mixture. Pressure gradients results from the difference between the
overpressures and the frictional resistance, similar to the evolved
pressure gradients in the present model (see eq. 5). The models
of this study calculate the velocities needed to obtain a turbulent
flow, and based on these velocities, determine the pressures that
are also consistent with that needed to dilate the fractures. The ob-
tained pressures for the present geological setting and mechanical
approach are about one order of magnitude higher than those of
Gallo & Woods (2004).

Jolly & Lonergan (2002) calculated an overpressure of several
MPa for a sandy source layer at hundreds of metres below the
surface. In their model, similar to that of Gallo & Woods (2004), the
overpressure is built-up by the difference between the host rock and
the sand-water mixture densities. However, the injection velocities,
as well as the dyke dilation, were not considered. Their calculations
cannot be directly applied to clastic dykes at shallow depth, such as
those in the Lisan Formation, because the differences between the
Lisan host rock and the clay-water mixture densities are insufficient
to drive a turbulent flow. The pressure-driven mechanism of the
clastic dykes emplacement is compatible with field observations,
demonstrating that in the same injection system the flow can be
upward, horizontal and even downward (Levi et al. 2006b).

6.2 Pressures during earthquakes

The response of materials to a sudden applied stress is still not
well understood (e.g. Sawicki & Mierczynski 2006), especially
for clay-rich sediments (Yilmaz et al. 2004). So far, only a few
studies have dealt with the fluidization mechanism of soft sed-
iments during earthquake loading. Most of them suggest that
the direct impact of the p-wave loading that passed through the
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poro-elastic medium causes fluidization (e.g. Melosh 1996;
Sornette & Sornette 2000; Bachrach et al. 2001; Collins et al.
2002). By seismic wave, loading the soft sediments are dynami-
cally fluidized without the need of a lithostatic-compaction effect
(Bachrach et al. 2001). In acoustic fluidization (e.g. Collins et al.
2002), the transient p waves and pressure fluctuations within the
source layer may temporarily relieve the overburden pressure and,
hence, abrogate the internal frictional strength of the medium. The
theory, therefore, predicts a rheology where stresses are supported
without appreciable strain, unless acoustic vibrations in the medium
are strong enough to reduce the material resistance to shear and flow
occurs.

The present study does not allow a definite conclusion whether
fluidization during an earthquakes in the Dead Sea basin was pro-
moted by dynamic or static stresses. Yet, it is more likely that
fluidization resulted from dynamic stresses, because static pressure
alone could not provide the trigger for fluidization of the Lisan clay-
rich sediments, especially because the water content involved in the
fluidization could be relatively low (Levi et al. 2006b). The Lisan
host rock consists mainly of the authigenic chalk (‘the ambient
rock’) and wet clay layers. Shaking and squeezing of the clay-rich
sediments causes a fast expulsion of pore water, a drastic loss of
shear strength and consequent material flow within host rock. This
shaking could not fluidize the authigenic chalk of the Lisan, be-
cause its textural and mechanical properties are not in favour for
losing shear strength in such conditions. Furthermore, resetting of
quartz OSL signals that occurred during the emplacement of the
clastic dykes in the Ami’az Plain, were reported (Porat ez al. 2007).
It is suggested that the resetting occurred due to pressure build-up
within the dykes during the injection process. Eddingsaas & Suslick
(2006) suggested a mechanism in which shock waves that accelerate
micrometre-sized particles to high velocities result in interparticle
collisions in the liquid and create a mechanoluminescence effect.
This effect, caused by shock waves, may explain the resetting effect
of the OSL and provide additional support for the interaction be-
tween the clay-rich sediment and the seismic waves induced during

earthquakes. Therefore, it is most likely that the fluidization pro-
cess that formed within the source layer is directly related to the
impact of the acoustic waves, as suggested by Collins et al. (2002).
Hence the obtained parameters should be discussed in the context
of the fluidization related to the dynamic stresses generated during
earthquake events.

Kanamori & Anderson (1975) analysed the moment—area scal-
ing for interplate earthquakes with surface magnitude Mg > 5.8
and suggested a range of the static stress drop between 1 and 10
MPa. This range was confirmed by analysis of source parameters
of strong historical earthquakes (Wells & Coppersmith 1994). The
dynamic stress drop, calculated for several strong earthquakes close
to the earthquake source zone, has similar values or slightly above
the values of the static stress drop. Ichinose ef al. (1997) calculated
the dynamic stress drop for the Basin and Range earthquakes and
got values between 1 and 10 MPa. In the area surrounding the nu-
cleation zone of the 2000 Tottori (Japan) earthquake, Dalguer et al.
(2002) calculated a dynamic stress drop between 5 and 30 MPa.
Iwata et al. (2004) calculated, for strong motion earthquakes, a dy-
namic stress drop between 5 and 20 MPa. From near-fault seismic
data of the 1999 Chi-Chi (Taiwan) earthquake, Huang et al. (2001)
reported a dynamic stress drop of 6.5 MPa for the southern seg-
ment and 30 MPa for the northern one. For the same earthquake,
Hwang et al. (2001) reported a dynamic stress drop of 11.2 MPa
for the southern segment and 20 MPa for the northern one. At this
stage, we can attest to the similarities between the stress (pressure)
values (1-10 MPa) calculated for the injected clastic dykes and the
dynamic stress drop values associated with strong earthquakes.

7 CONCLUSIONS

(1) The emplacement time of the clastic dykes in the Ami’az Plain
ranges between 0.1 and 18 s, and the injection velocity could reach
tens of metres per second. Hence, the injection of clastic dykes dur-
ing earthquakes manifests dynamic processes that were associated
with these events.
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(2) The pressure at the Lisan source layer could reach several to
tens of MPa. This high pressure is probably an expression of the
seismic waves that passed through the source layer in the proximity
to the earthquake source region.

(3) The pressure required to fluidize the Lisan clay-rich sediment
at the source layer might be higher than the pressure needed to dilate
the associated clastic dykes.

(4) Injection of clastic dykes may serve as evidence for seismic
processes that occur close to active faults. Their geometrical and
kinematical analyses pose constraints on the pressure values associ-
ated with strong palaeo-earthquakes, which can hardly be estimated
otherwise.
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APPENDIX A: VISCOSITY TESTS

Based on plasticity experiments, the natural water (brine) content
of the green, clay-rich Lisan source layer is between 27 and 36
per cent (Arkin & Michaeli 1986). This water content is enough
to cause a drastic loss of shear strength and flowage of the clay—
water mixture during shaking (Arkin & Michaeli 1986). Levi et al.
(2006b) suggested that the relatively low water content enabled the
preservation of the magnetic fabric during the injection process.
Therefore, it is assumed that not much external water was added
to the fluidized source layer. This means that the amount of water
during the fluidization process was probably ~35 per cent wt. (Levi
et al. 2006b). The measured densities of the clay-water mixture
range between 1700 and 1950 kgm 3.

The viscosity values and the rheology characterizations were
measured by a viscometer ‘Fann 35S’ model at six different rates
(170-1022 s~!) in the Technion laboratories, Haifa. Four suspen-
sions with different amounts of water, between 31 and 45 per cent
wt, were used. Immediately after preparing the suspensions, we
examined each sample to check if any possible sedimentation pro-
cess occurred. For the six different rates, four best fit curves were
computed. The viscosity values were calculated from the linear re-
gression coefficients. All four rheograms indicated a linear relation
between strain rate and shear stress (Fig. Al). Therefore, the rhe-
ology of the suspended mixtures of the Lisan clay-rich sediments
may be well approximated by a Newtonian fluid.

The dynamic viscosity n values 0.03—0.3 Pa s correspond to the
slopes of the linear regression curves. The kinematic viscosity 29 x

1076-15 x 107> m? s~! used in eq. (4) is calculated by v = prent
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Figure Al. Results of viscosity experiments. See Appendix A for details
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